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 Resumen 
Esta tesis es el fruto de tres años de muestreo nocturno de zooplancton en la Ría 
de Vigo (2008-2010) y dos campañas oceanográficas realizadas sobre la plataforma y el 
talud continental del noroeste de la Península Ibérica (CAIBEX-I) y del noroeste de 
África (CAIBEX-III). El objetivo principal de este trabajo era comprender aspectos 
fundamentales de la ecología de las paralarvas planctónicas del pulpo común, Octopus 
vulgaris, tales como su dieta en la naturaleza, su distribución en las áreas de 
afloramiento, su capacidad para realizar migraciones verticales, su interacción con el 
resto del zooplancton o su mortalidad. Como objetivos secundarios se plantearon el 
estudio de la ecología de las paralarvas de cefalópodos presentes en las muestras junto 
con las de O. vulgaris en la ría de Vigo, realizar un estudio comparativo de la 
composición de especies de zooplancton en dos áreas de afloramiento costero, uno 
estacional como el de Cabo Silleiro, y otro cuasi-permanente como el de Cabo Guir y, 
finalmente, la identificación de los potenciales depredadores de las paralarvas 
pertenecientes al macrozooplancton en el medio pelágico.  
Investigadores y empresas llevan intentando completar el ciclo del pulpo en 
cautividad de manera rentable durante más de 50 años, pero hasta la fecha no ha podido 
pasar de la fase experimental a la industrial debido, entre otras razones, al 
desconocimiento de la dieta durante su etapa planctónica. Esta dieta no había sido nunca 
desvelada por el modo de ingestión de las paralarvas, ya que inyectan un cóctel 
enzimático que digiere externamente a las presas, formando un licuado, el cual es 
posteriormente absorbido, dejando los exoesqueletos de sus presas vacíos. Para poder 
desvelar la dieta de las paralarvas de esta especie, primero se puso a punto una técnica 
de PCR para comprobar si era posible detectar Artemia en una sola paralarva de pulpo 
(Capítulo 1). Como la relación entre el ADN de la paralarva y el de la presa era tan baja, 
fue necesario realizar una PCR anidada para poder detectar Artemia con primers 
específicos. 
El siguiente paso consistió en identificar presas naturales en parlarvas de pulpo 
recolectadas en el zooplancton de la Ría de Vigo (Capítulo 2). Para ello, se diseñaron 
primers específicos que amplificaran un gran número de crustáceos y peces, pero que no 
amplificaran el ADN de los pulpos. De nuevo, fue necesaria una PCR anidada para 
poder amplificar el ADN de las presas, el cual fue clonado posteriormente para su 
identificación. En total se detectaron hasta 20 presas distintas: 16 especies de crustáceos 
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 decápodos pertenecientes a 12 familias, 1 especie de krill y tres especies de pez 
pertenecientes a dos familias. Se descubrió que las larvas de pulpo son depredadores 
muy especialistas durante sus primeros días de vida planctónica. 
El siguiente punto planteado fue comprender cómo los distintos componentes del 
ecosistema de la Ría de Vigo, la meteorología, la hidrografía y la comunidad de 
zooplancton en la que se encuentran las paralarvas, afectaban a su distribución vertical y 
horizontal. Con este fín, se identificaron y describieron las comunidades de zooplancton 
presentes en la Ría de Vigo en la época de afloramiento del 2008, y se estudió cómo el 
afectaba el ambiente a dichas comunidades (Capítulo 3).  
Se investigó la distribución de todas las paralarvas de cefalópodos en las 
comunidades de zooplancton descritas bajo las distintas condiciones oceanográficas 
presentes en los muestreos: relajación-hundimiento en verano y afloramiento en otoño 
(Capítulo 4). Esto permitió observar que la abundancia de paralarvas de sepiólidos y 
loligínidos estaba asociada positivamente con episodios de hundimiento, y que su 
distribución se ceñía a las comunidades costeras y de frente. Además, la variabilidad en 
los tamaños de los ejemplares encontrados sugería que estas larvas estaban llevando a 
cabo un ciclo de vida costero, seleccionado por su distribución vertical en la columna de 
agua. Contrariamente, se halló que la abundancia de las paralarvas de O. vulgaris estaba 
positivamente relacionada con el afloramiento y ocupaban los estratos más 
superficiales, lo que las lavaba de la comunidad costera acumulándolas en las 
comunidades de frente y de océano. Estas evidencias, unidas a la ausencia de larvas de 
más de tres ventosas en la Ría de Vigo, sugieren que el pulpo, pese a ser 
fundamentalmente costero en su etapa adulta, lleva a cabo un ciclo de vida océanico 
durante su etapa planctónica. 
Los resultados anteriormente citados pudieron contrastarse con muestreos 
lagrangianos durante las campañas de CAIBEX-I y III, en las que se siguieron masas de 
agua con boyas de deriva en zonas de afloramiento costero afectadas por filamentos, 
que exportan el agua costera hacia el océano (Capítulo 5). Los resultados de estas dos 
campañas no dejaron lugar a dudas: las únicas larvas de cefalópodos presentes en la 
costa, en el filamento y en el océano fueron las de pulpo, que, además, incrementaron de 
tamaño conforme se alejaban de la costa. Esto, además de confirmar el ciclo de vida 
oceánico de esta especie, permitió calcular la mortalidad natural de las larvas de pulpo 
durante su etapa planctónica. Al igual que ocurrió en la Ría de Vigo, todas las larvas de 
sepiólidos y loligínidos se encontraron próximas a la costa sobre la plataforma, evitando 
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 ser exportadas hacia el océano por los filamentos. La detección de un “banco” de 
paralarvas del loligínido Alloteuthis media en profundidad, beneficiándose de la 
corriente que fluía hacia la costa sobre la plataforma marroquí, fue un dato que 
corroboró dicho hallazgo.  
Mientras que en la campaña CAIBEX-I se encontraron 8 especies de cefalópodos 
pertenecientes a 4 familias, en CAIBEX-III se encontraron 20 especies que, además de 
las familias neríticas recolectadas en CAIBEX-I, incluían 12 especies pertenecientes a 8 
familias de cefalópodos mesopelágicos, todas ellas localizadas en los muestreos 
efectuados en el filamento y en el océano. Estas especies realizaban migraciones 
verticales diarias, escapando de la capa superficial y apareciendo en profundidad 
durante el día, mientras que por la noche ascendían. Como la identificación visual de las 
paralarvas inferiores a 4 mm de tamaño de la mayoría de los cefalópodos fue totalmente 
ineficiente, se procedió a emplear métodos moleculares. Gracias a la genética se ha 
podido incrementar el límite meridional del área de distribución de dos especies de 
sepiólidos: Sepiola tridens y S. atlantica , mientras que S. ligulata se cita por primera 
vez en el Atlántico.  
Al igual que con los cefalópodos, la composición del macrozooplancton recogido 
en CAIBEX-III fue mucho más diversa que en CAIBEX-I. Atribuimos esta mayor 
biodiversidad a que el muestreo de CAIBEX III se localizó en una zona subtropical. La 
importancia del macrozooplancton se hizo más patente conforme nos alejamos de la 
costa, y fue especialmente importante en el filamento y en el océano adyacente. 
Además, la composición y abundancia del macrozooplancton se vio significativamente 
modificada por las noches, debido a las especies que llevan a cabo migraciones 
verticales (DVMs) desde la capa difusa profunda (DSL) situada en torno a 400-600m 
hasta la superficie. Una búsqueda bibliográfica entre las dietas de los componentes del 
macrozooplancton oceánico reveló que los principales depredadores de larvas de 
cafalópodos en el medio pelágico son gambas de las familias Oplophoridae y Penaeidae, 
así como algunas especies de peces mesopelágicos. 
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 Summary 
This work encompasses three years of nocturnal zooplankton samplings in the 
Ría de Vigo (2008-2009), as well as two oceanographic surveys over the shelf and 
continental slope off NW Iberian Peninsula (CAIBEX-I) and NW Africa (CAIBEX-III). 
Its aim was to understand basic aspects of the the planktonic paralarvae of Octopus 
vulgaris like their diet in the wild, their vertical and horizontal distributions in 
upwelling areas, its interactions with the zooplankton and their mortality. Secondary 
aims were: to study the ecology of other cephalopod species found together with O. 
vulgaris in the Ría de Vigo, as well as to compare the assemblage of cephalopod 
paralarvae and macrozooplankton found in two contrasting coastal areas, one with a 
seasonal upwelling like Cape Silleiro (CAIBEX-I) and the other with a quasi-permanent 
upwelling like Cape Guir (CAIBEX-III). Finally, we aimed to identify the potential 
predators of cephalopod paralarvae among the macrozooplankton of the pelagic realm.  
Octopus culture has been trialled for more than 50 years and is currently stopped 
at the experimental level due to the limitations rearing octopus paralarvae, given that the 
diet of this species during its planktonic stage is a mistery. The difficulty resides in the 
mode of ingestion of the paralarvae, because they first inject an enzymatic cocktail to 
predigest the prey and then absorb the internal contents leaving an empty exoskeleton. 
In order to tackle this problem a PCR method was developed to detect Artemia in a 
single octopus paralarva (Chapter 1). It was necessary to carry a nested-PCR with 
Artemia specific primers to detect it, due to the overwhelming abundance of predator 
DNA. 
The next step was to identify the natural prey of octopus paralarvae collected 
among the zooplankton of the Ría de Vigo (Chapter 2). Group specific primers were 
designed to amplify a wide range of crustaceans and fishes, but avoiding the 
amplification of octopus DNA. Again, a nested-PCR was needed to amplify prey DNA, 
that was posteriorly cloned. Overall, 20 different preys were detected: 16 decapod 
species belonging to 12 different families, 3 fish species and krill. We found that 
octopus paralarvae were extremely selective predators during their first days in the 
pelagic domain. 
 After that, the aim was to determine to what extent the meteorology, 
hydrography and zooplankton community affect the vertical and horizontal distributions 
of cephalopod paralarvae in the Ría de Vigo. For this purpose, first of all, the 
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 mesozooplankton communities had to be described during the upwelling season of 2008 
in the Ría de Vigo, as well as the influence of the ecosystem in the community structure 
(Chapter 3). Afterwards, the distribution of cephalopod paralarvae on these 
communities was studied under the prevailing oceanographic conditions lived during 
the samplings: a relaxation-downwelling period in summer and an upwelling in autumn 
(Chapter 4). This study revealed that the abundances of sepiolid and loliginid paralarvae 
were positively related with downwelling conditions and its distribution confined to the 
coastal and frontal communities. Besides, the wide range of paralaval sizes found, 
suggested a coastal life strategy determined by their distribution in the water column. 
On the other hand, O. vulgaris paralarval abundances were positively related with the 
upwelling and mainly distributed on the surface outgoing waters, which washed away 
the paralarvae from the coastal to the frontal and oceanic communities. This evidence, 
together with the absence of more than three-sucker paralarvae in the Ría de Vigo, 
suggests that O. vulgaris was following an oceanic life strategy during its planktonic 
stage, despite its coastal distribution as adults. 
The aforementioned results could be contrasted carrying lagrangian samplings 
during CAIBEX-I and III surveys, where drifting buoys were deployed to follow the 
fate of different water masses in upwelling areas affected by filaments that export 
coastal waters oceanwardly (Chapter 5). The results obtained in these drifting 
experiments bring some light to the contrasting life strategies followed by the different 
cepaholpod paralarvae. In fact, the only cephalopod paralarvae found in all areas 
sampled (coast, upwelling area, filament and adjacent ocean) were the O. vulgaris 
paralarvae, which were larger towards the ocean. These facts confirmed the oceanic life 
cycle of octopus and allowed to determine the natural mortality of this species during its 
planktonic stage. On the other hand, all the sepiolids and loliginids were found over the 
shelf close to the coast, despite the strong filament that could export them to the ocean, 
as found in the Ría de Vigo. In fact, we were lucky enough to sample a school of young 
Alloteuthis media that were congregated close to the bottom benefiting from the onshore 
currents that did occur along the Moroccan shelf. 
While in CAIBEX-I 8 cephalopod species belonging to 4 neritic families were 
found, in CAIBEX-III up to 20 species were discovered. These included, apart from the 
4 neritic families found in CAIBEX-I, 12 species belonging to 8 families of 
mesopelagic cephalopods found in the samplings carried in the filament and adjacent 
ocean. These species displayed diel vertical migrations, avoiding superficial waters 
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 during the day and ascending at night. Cephalopod paralarvae were identified 
genetically, because visual identification was impossible in those paralarvae smaller 
than 4 mm. Indeed, barcoding of paralarvae allowed increasing the distribution range of 
three sepiolid species: Sepiola tridens and S. atlantica extended their distribution to the 
south, and S. ligulata was found in the Atlantic for the first time.  
The macrozooplankton assemblage found in CAIBEX-III was far more diverse 
than that found in CAIBEX-I, due to the subtropial location of the samplings. The 
importance of the macrozooplankton is greater towards the ocean and especially under 
the filament. The macrozooplankton composition and abundance was strongly modified 
at night by those species that displayed diel vertical migrations (DVMs), from the deep 
scattering layer (DSL), located around 400-600 m depth, to the surface. An extense 
bibliographic search through the diet of the macrozooplankton revealed that the main 
predators of cephalopod paralarvae in the pelagic domain, were shrimps of the families 
Oplophoridae and Penaeidae, as well as some families of mid water fishes. 
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Introducción 
Los cefalópodos son moluscos marinos cosmopolitas que adoptan una gran 
variedad de estrategias reproductivas que se pueden resumir en dos tipos: producir 
pocos huevos de gran tamaño de los que eclosionan larvas bien desarrolladas que 
ocupan el mismo hábitat y distribución que los adultos, o poner muchos huevos de los 
que eclosionan larvas de pequeño tamaño que pasan una etapa dispersiva como 
miembros del zooplancton, en la que no interaccionan con los adultos y que los 
teutólogos denominan paralarvas.  
Esta tesis está centrada en la ecología de las paralarvas planctónicas, 
especialmente las de pulpo común (Octopus vulgaris), además de otras presentes en las 
zonas de afloramiento. Centrar el estudio en las paralarvas de pulpo no es casual, ya que 
esta especie supone el 70% de todas las capturas de cefalópodos en Galicia, que en 2008 
superaron las 9.800 toneladas reportando unos beneficios de 27 millones de euros 
(Tasende et al., 2009). La comprensión de algunos aspectos básicos de la ecología de 
las paralarvas de pulpo durante su etapa más vulnerable, como su dieta, permitiría 
avanzar al sector de la acuicultura, que lleva más de 50 años intentando cerrar el ciclo 
del pulpo de manera rentable, pero que hasta la fecha no ha podido pasar de una fase 
experimental a una industrial debido, entre otras razones, al desconocimiento de la dieta 
durante su etapa planctónica (Iglesias et al., 2007). Por ello, el primer bloque de la tesis 
está centrado en describir las técnicas genéticas que permitieron conocer la dieta de los 
pulpos en libertad. 
Mientras que en el primer bloque se responde a preguntas centradas en las larvas 
de pulpo, en el segundo bloque se amplía la escala pasando del individuo al ecosistema, 
para poder interpretar la distribución de los cefalópodos presentes en la Ría de Vigo 
como resultado de la interacción entre los forzamientos físicos, la biología de cada 
especie y la comunidad de zooplancton en la que se encuentran. Finalmente, en el tercer 
bloque se amplía aun más la escala, estudiando la influencia de los filamentos en la 
exportación de paralarvas desde la costa hasta el océano, en dos áreas de afloramiento 
costero muy distintas, además de determinar los potenciales depredadores de las 
paralarvas durante este trayecto.  
Debido a la multidisciplinaridad de los temas tratados en esta tesis, la 
introducción ha sido dividida en varias secciones que describen el marco ecológico en el 
que se encuadran todos ellos.  
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En primer lugar, se describen los grupos de meso y macrozooplancton 
analizados en esta tesis, para dar a conocer el grado de resolución taxonómica que se 
siguió con los distintos organismos del zooplancton. 
A continuación, se exponen los estímulos que hay en el medio marino y las  
distintas adaptaciones que poseen las larvas del zooplancton para poder detectarlos. 
Además, se describe cómo la biología de cada especie combinada con la física del 
ambiente determina la distribución diferencial de las larvas en las áreas de afloramiento 
costero. 
En el siguiente apartado se describe el marco oceanográfico en el que se han 
llevado a cabo los muestreos, empezando con el giro subtropical del Atlántico norte y 
descendiendo en la escala geográfica hasta los sistemas de afloramiento costero de Cabo 
Silleiro (NO de la Península Ibérica) y Cabo Ghir (Marruecos). Además, se describe 
cómo se forman los filamentos y su papel como exportadores de biomasa hacia el 
océano. Esta sección se cierra con la importancia de los sistemas de afloramiento tanto 
desde el punto de vista de su elevada productividad, como de áreas de 
exportación/retención de organismos. 
Por último, se presenta el proyecto que hizo posible la elaboración de esta tesis y 
los objetivos específicos de la misma. No me pude resistir a incluir un apartado de 
curiosidades, en el que presento algunos datos obtenidos durante la tesis pero con otra  
perspectiva para que sean más visuales. 
 Una vez introducido el trabajo al que he dedicado los últimos cinco años de mi 
vida, espero que disfrutéis leyendo estas pinceladas de ciencia tanto como yo he 
disfrutado recorriendo este largo camino. 
1. Comunidades zooplanctónicas 
En el transcurso de esta tesis he tenido la posibilidad de conocer los organismos 
planctónicos que pueblan nuestras costas y que tan alegremente he tragado durante mis 
múltiples aventuras en las olas. Esta información era esencial para conocer a los 
compañeros de viaje de las paralarvas de cefalópodos, tanto en la Ría de Vigo 
(mesozooplancton, < 2 cm), como en la plataforma y el océano de la costa galaico-
portuguesa y marroquí (macrozooplancton, > 2 cm). A continuación, voy a hacer un 
breve repaso de los grupos analizados dentro del mesozooplancton y del 
macrozooplancton, haciendo especial hincapié en la taxonomía de los cefalópodos 
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encontrados en esta tesis. Todos estos grupos de organismos, han sido fotografiados y 
están recopilados en una guía visual de identificación para principiantes, de la que hay 
una copia en el departamento ECOBIOMAR, que está en crecimiento continuo y que en 
un futuro próximo será editada y publicada para ayudar a futuras generaciones de 
zooplanctólogos a quitarse el miedo a la taxonomía y a sus entretenidos nombres. 
1.1 Mesozooplancton y cefalópodos costeros  
La primera gran batalla para conocer las abundancias del mesozooplancton fue 
retirar a mano 200.371 salpas de las muestras. Los esfuerzos taxonómicos no se 
distribuyeron de manera equitativa entre los 53.801 organismos identificados en la Ría 
de Vigo. En concreto, se identificaron a nivel de especie o género los copépodos 
presentes fuera y dentro de la Ría, debido a su reconocida importancia en el ecosistema 
marino y a que eran una presa común en todos los trabajos previos de dietas de 
paralarvas de cefalópodos (Passarella y Hopkins, 1991; Vecchione, 1991; Vidal y 
Haimovici, 1998; Venter et al., 1999). Dentro de este grupo y su multitud de órdenes e 
infinitas familias, el orden de los calanoides fue el más estudiado, empleando el libro de 
Vives y Shmeleva (2007), seguido de los ciclopoides, harpacticoides y los 
poecilostomatoides, muchos de ellos parásitos de peces. Siguiendo con los crustáceos, 
se llegó a nivel de especie en eufausiáceos, ya que solo tenemos a Nyctiphanes couchii 
en la ría, en cladóceros Evadne nordmanni y Podon intermedius y en larvas que son 
extremadamente fáciles de identificar, por su peculiaridad, como las alargadas zoeas y 
juveniles de los cangrejos de porcelana Pisidia longicornis y Porcellana platycheles, las 
espinosas zoeas del decápodo Solenocera membranacea, las extravagantes larvas de las 
gambas topo Jaxea nocturna, las alienígenas larvas de los estomatópodos Meiosquilla 
desmaresti y Platysquilla eusebia y de las curiosas filosomas de Scyllarus arctus.  
Los decápodos se identificaron a nivel de familia o superfamilia, pero 
diferenciando los distintos estados larvarios, zoea, megalopa y juvenil. Dentro de los 
peracáridos, se contabilizaron los grandes grupos: cumáceos, isópodos, misidáceos y 
anfípodos. En estos últimos, se distinguió entre gammáridos, caprélidos e hipéridos, ya 
que ocupan nichos muy distintos. En los equinodermos, se distinguieron las ofiopluteus 
y equinopluteus; en peces se diferenció entre larvas y huevos; dentro de los taliáceos se 
distinguió entre apendicularias, salpas y doliólidos. El resto de filos simplemente se 
contabilizaron: quetognatos, cnidarios, ctenóforos, sifonóforos, ostrácodos, 
Introducción
25
platelmintos, acantocéfalos, poliquetos, larvas cifonauta de briozoos y el anfioxo 
Branchiostoma lanceolatum. Para la identificación del zooplancton fueron de mucha 
utilidad las fichas del ICES (disponibles en http://www.ices.dk/products/fiche/ 
Plankton/START.PDf), así como el libro de zooplancton costero de Johnson y Allen 
(2005).  
Dentro de los moluscos se identificaron bivalvos, gasterópodos, pterópodos, 
larvas de opistobranquios y cefalópodos. La tesis gira en torno a la ecología de este 
último grupo, que está representado en la Ría de Vigo por cuatro familias de 
cefalópodos neríticos pertenecientes a tres órdenes distintos. El orden Octopoda está 
representado exclusivamente por larvas de Octopus vulgaris, de la familia Octopodidae. 
Mucha más confusión hay en el superorden de los Decapodiformes, puesto que las 
larvas presentes en la Ría de Vigo son de pequeño tamaño y no presentan los caracteres 
que permitan identificarlas a nivel de especie (sepiólidos), o faltan descripciones 
adecuadas (loligínidos y omastréfidos). El orden Sepiolida está representado por la 
familia de los Sepiolidae, incluyendo una mezcla de especies de Sepiola. Finalmente, 
encontramos dentro del orden Teuthida dos subórdenes: Myopsida y Oegopsida. Dentro 
de los Myopsida se incluyen las larvas de la familia Loliginidae que están representadas 
al menos por los géneros Alloteuthis y Loligo. Dentro de los Oegopsida, están las larvas 
de la familia Ommastrephidae, conocidas como “rhynchoteuthion”, potencialmente 
pertenecientes a los géneros Illex, Todaropsis y Todarodes, de acuerdo a la distribución 
de los adultos.  
1.2 Macrozooplancton y cefalópodos de plataforma y océano 
Muchos de los animales encontrados en el océano forman parte de la mayor 
congregación de animales de la tierra, situada entre 400 y 600 metros durante el día, 
conocida como capa difusa profunda (CDP). La mayoría realiza migraciones verticales 
diarias (MVD) ascendiendo hasta la superficie al atardecer para alimentarse y 
descendiendo antes del amanecer (Nybakken and Bertness, 2005).  
De los 7327 animales mayores de 2 cm encontrados durante los muestreos sobre 
la plataforma y en el océano, se trató de identificar a nivel de especie todos los 
crustáceos presentes. Dentro de los decápodos mesopelágicos se identificaron 6 especies 
de la familia Sergestidae, 3 especies de la familia Oplophoridae, 2 especies de la familia 
Pasiphaeidae, 1 especie de Penaeidae y otra de la familia Pandalidae. Se identificaron 
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también tres especies de misidáceos mesopelágicos. Se encontró una única especie de 
cangrejo, Polybius henslowii, sobre la plataforma galaico-portuguesa. Dentro de los 
eufausiáceos se identificaron hasta 6 especies distintas. Se recolectaron un gran número 
de filosomas y de larvas de estomatópodos. 
Otro componente importante de la macrofauna pelágica son los peces, que se 
diferenciaron en familias mesopelágicas y neríticas. Dentro de los mesopelágicos 
básicamente nos ceñimos a nivel de familia, porque el estado de muchos de los peces no 
permitía una mayor resolución taxonómica. Así, diferenciamos entre las familias 
Myctophidae (peces linterna), Gonostomatoidae (representado principalmente por el 
género Cyclothone), Sternoptychidae (peces hacha), Phosichthyidae (representado por el 
género Vinciguerria, que junto con Cyclothone son los géneros de vertebrados más 
abundantes del mundo), Stomiidae (peces víbora) y Opisthoproctidae (peces duende).  
Dentro de las especies neríticas se encontraron larvas de la familia Clupeidae 
(sardinas), de peces planos, de Syngnathidae (peces pipa), de Carangidae y de Sparidae. 
El resto de macrozooplancton fue identificado por filos salvo excepciones: cnidarios 
(Atolla wyvillei, Periphylla hyacinthina), ctenóforos, sifonóforos, pterotráqueos, 
quetognatos, ostrácodos (Macrocypridina castanea) y pterópodos. 
Un total de 379 paralarvas, subadultos y adultos de cefalópodos se recolectaron 
en los muestreos sobre la plataforma y el océano de las costas galaico-portuguesas y 
marroquí. Los cefalópodos encontrados en las costas ibéricas fueron los mismos que los 
de la Ría de Vigo. Estas mismas familias aparecieron sobre la plataforma de aguas 
marroquíes, con más especies de sepiólidos (Rondeletiola minor, Sepiola ligulata, S. 
atlantica y Heteroteuthis dispar).  
Además, se recolectaron especies de familias mesopelágicas todas ellas 
pertenecientes al suborden Oegopsida. La familia Onychoteuthidae estuvo representada 
por Ancistroteuthis lichtensteini, Brachioteuthidae por Brachioteuthis riisei, 
Pyroteuthidae por Pyroteuthis margaritifera, Enoploteuthidae por Abraliopsis morisii, 
Cranchiidae por Liocranchia reinhardtii, y Mastigoteuthidae por Mastigoteuthis hjortii.  
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2. Contexto biológico 
A continuación se detallan los estímulos a los que responden los organismos y 
las adaptaciones desarrolladas para el medio dinámico en el que viven. También se 
describe como la interacción de estas adaptaciones con la física de las zonas de 
afloramiento, determina la distribución de las distintas especies y les permite completar 
sus ciclos de vida. 
2.1 Estímulos en el medio marino 
La mayoría de larvas tienen flotación negativa por lo que necesitan nadar 
activamente para mantenerse en un determinado punto de la columna de agua (Chia et 
al., 1984; Young, 1995; Metaxas, 2001). La regulación de la posición vertical en una 
larva planctónica depende de su capacidad de orientarse y determinar su posición en la 
columna de agua. Los factores ambientales a los que responden los organismos se 
pueden clasificar en escalares y vectoriales. Los escalares pueden cambiar en el tiempo 
y en el espacio pero no contienen ninguna información direccional (p.e. presión). Los 
vectoriales varían en magnitud e incluyen información direccional del cambio (p.e. luz). 
De acuerdo a esta clasificación, las repuestas de los organismos a estos estímulos se 
clasifican como cinéticas, aquellas respuestas no orientadas a un estímulo escalar en las 
que se da un aumento o disminución de la actividad locomotora en función de la 
intensidad del estímulo, y tácticas (p.e. fototaxis) aquellas respuestas orientadas a 
estímulos vectoriales, que se clasifican en positivas o negativas de acuerdo a si la 
respuesta supone acercarse hacia el estímulo o alejarse (Queiroga et al., 2004)  
Los principales factores escalares a los que responden los organismos en el 
medio marino son presión, temperatura, salinidad y sustancias disueltas; mientras que 
los factores vectoriales son gravedad, luz, luz polarizada y corrientes (Young, 1995). El 
efecto de todos estos factores se ha estudiado de manera aislada en laboratorio, pero las 
respuestas que se observan en la naturaleza son el resultado de la interacción de varios 
factores, y los más influyentes sobre el movimiento vertical de las larvas son la 
gravedad, la presión y la luz (Chia et al., 1984; Sulkin, 1984). Además, si el estímulo 
externo tiene una frecuencia regular (luz o corrientes de marea) se producen los 
conocidos ritmos biológicos o endógenos, que son repuestas fisiológicas sincronizadas 
con estímulos cíclicos, que persisten incluso en ausencia del estímulo a modo de relojes 
internos. Estos ritmos han evolucionado para prevenir a los organismos de cambios que 
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ocurren de una manera predecible en el medio y les otorga de una ventaja competitiva 
frente a otros organismos que tienen que responder a factores ambientales asociados a 
ciclos naturales (Palmer, 1995; Drickamer et al., 2002). 
2.2 Adaptaciones fisiológicas a una vida errante 
Aunque pensamos en los organismos planctónicos como sencillas formas de 
vida, estas criaturas poseen sofisticados sistemas sensoriales que les proporcionan una 
información detallada del ambiente. Esta información sensorial les hace percibir la masa 
de agua en la que se encuentran, su profundidad, el momento del día, la presencia de 
alimento o depredadores, permitiendo que respondan en consonancia con sus ciclos de 
vida para optimizar su supervivencia.  
Utilizando a los cefalópodos como modelo, la intensidad de luz y su polarización 
es detectada en la retina (Forward, 1976), así como en vesículas fotosensitivas que se 
encuentran dentro de la cavidad del manto en el margen posterior de cada ganglio 
estrellado (Mauro, 1977; Cobb et al., 1995).  
La dirección de las corrientes, su velocidad o la cercanía de depredadores, son 
captadas por mecanorreceptores normalmente constituidos por estructuras filamentosas 
ubicadas a lo largo del cuerpo del animal, antenas, cabeza o línea lateral (French, 1992; 
Lenz y Yen, 1993; Lenz, 1997).  
Los movimientos del animal, así como la gravedad y la presión, son detectados 
gracias a los estatocistos, que pueden encontrarse en el cerebro del animal o, como en 
los misidáceos, en cada uno de los urópodos (Cohen, 1960; Clarke, 2009; Morton, 
2009).  
Los quimiorreceptores son de naturaleza muy variada y sirven para detectar 
sustancias liberadas por depredadores y presas, así como saborear las corrientes marinas 
y su procedencia (p.e. detectar sustancias húmicas, moléculas arrastradas por ríos que 
son un producto de la descomposición de la materia orgánica). Pueden estar asociados al 
sentido del gusto o estar ubicados independientemente del aparato bucal, como en el 
caso de los cefalópodos que cuentan con quimiorreceptores en la superficie de las 
ventosas (Schmidtberg, 1997) o en los órganos olfativos situados bajo los ojos próximos 
a la entrada del manto (Gilly y Lucero, 1992; Lenz, 1997). Estos quimiorreceptores 
juegan un papel esencial para aquellos organismos que, tras su desarrollo sobre la 
plataforma o el océano, regresan hacia costa para asentarse (Forward et al., 1997). 
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2.3 Distribución de organismos 
La distribución de cualquier organismo en la columna de agua es el resultado de 
una compleja interacción entre factores físicos: corrientes superficiales a pequeña escala 
generadas por viento como circulación de Langmuir y brisas marinas; corrientes de gran 
escala generadas por viento como transporte de Ekman y filamentos; corrientes de 
marea, ondas internas, plumas de agua dulce, flujos debido a diferencias de densidad 
(Shanks, 1995) y factores biológicos: migraciones ontogénicas, migraciones verticales 
diarias, fuentes de alimento, depredación, estado de desarrollo (Young, 1995; Metaxas, 
2001; Queiroga et al., 2004). Dado que no existe una relación linear entre los distintos 
factores, el resultado es una distribución aparentemente aleatoria de cada organismo 
muy difícil de modelar. Por ello, es totalmente necesario comprender la biología del 
organismo que se estudia para poder comprender y modelizar los procesos de transporte 
y asentamiento.  
Sin embargo, dentro de este mundo de complejidad espacial muchos de estos 
procesos físicos siguen una periodicidad temporal (de horas, días, semanas y meses) que 
permiten a los organismos modelar su comportamiento y adquirir adaptaciones para 
optimizar su supervivencia en zonas de afloramiento costero (Palmer, 1995; Peterson, 
1998; Drickamer et al., 2002). Cada especie tiene una serie de comportamientos innatos 
que se manifiestan escalonadamente a lo largo de etapa planctónica (migraciones 
verticales ontogénicas, desarrollados por la coexistencia de esa especie con el medio en 
el que vive), sobre la que se superponen una serie de comportamientos puntuales, entre 
ellos el ritmo endógeno de las migraciones verticales diarias (MVD). Esencialmente 
esta migración es plenamente trófica, para maximizar las posibilidades de alimentarse, a 
la vez que minimizan las posibilidades de ser comido (Gliwicz, 1986).  
Este cambio de posición en la vertical está asociado ineludiblemente con un 
transporte horizontal que puede alejar/acercar a los organismos hacia la costa 
dependiendo de donde se realice su ciclo de vida planctónico (Queiroga et al., 2004, 
2007; Marta-Almeida et al., 2006; dos Santos et al., 2008; Shanks et al., 2009). Por lo 
tanto, los organismos despliegan un abanico de respuestas tanto innatas como 
adquiridas, que les permite sacar ventaja del cambiante contexto hidrográfico en el que 
se encuentran y poder completar su etapa planctónica. Así, aunque sea imposible 
predecir la advección y asentamiento de un único individuo, el conjunto de individuos 
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de una especie sí que sigue un patrón más fácilmente identificable (Queiroga et al., 
2004, Shanks et al., 2009). 
Los organismos presentes en la capa difusa profunda (CDP), también ejercen 
una influencia con periodicidad lunar sobre la distribución de los organismos 
exportados por los filamentos hacia el océano. La extensión de la CDP es mayor en las 
zonas afectadas por afloramiento que en el océano abierto, donde incide directamente 
sobre la biomasa exportada por los filamentos especialmente por la noche. Los MVDs 
de la CDP alcanzan la superficie por la noche para alimentarse del zooplancton 
epipelágico. Existen unos ciclos de abundancia en el zooplancton epipelágico acoplados 
a las fases lunares. Este ciclo lunar se debe a un ritmo endógeno de los MVDs, que no 
ascienden hasta la superficie y se mantienen por debajo de la termoclina estacional para 
evitar ser comidos durante la luna llena. De esta manera, aumenta la abundancia del 
zooplancton epiplanctónico. Al contrario ocurre durante la luna nueva, ya que los 
MVDs alcanzan la superficie, donde depredan sobre el zooplancton superficial 
disminuyendo su abundancia (Hernández-León et al., 2007). Así, una buena parte de la 
biomasa producida en la zona epipelágica pasa a la zona mesopelágica, 
aproximadamente 16-63% del flujo gravitacional, que se conoce como vía macrobiana 
(Hernández-León et al., 2001; Yebra et al., 2004). 
3. Contexto oceanográfico 
Esta tesis se enmarca dentro del giro subtropical del Atlántico norte, uno de los 
cuatro principales sistemas de afloramiento costero del mundo junto con Benguela, 
California y Humboldt. En este gran ecosistema el trabajo se centra en dos áreas de 
afloramiento costero, uno estacional y otro cuasi-permanente. Los procesos físicos de 
mesoescala que se dan en estos sistemas se tratan específicamente al final de esta 
sección. 
3.1 Giro subtropical del Atlántico Norte 
El límite oriental del giro subtropical del Atlántico norte se extiende desde el 
extremo noroeste de la península ibérica (43ºN) al sur de Senegal (10ºN), abarcando 
casi toda el área de desplazamiento de la franja de vientos alisios. Dentro de este gran 
ecosistema hay que diferenciar entre las aguas oceánicas oligotróficas del giro 
subtropical del Atlántico norte y los eutróficos ecosistemas de afloramiento costero de 
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Canarias – Península Ibérica (Longhurst, 1998). El cambio meridional que se produce a 
lo largo de esta franja de alisios favorece el afloramiento estacional en los extremos del 
giro subtropical mientras que en la parte central el afloramiento es relativamente 
continuo durante todo el año (Wooster et al., 1976).  
El sistema de afloramiento costero de Canarias – Península Ibérica está dividido 
en dos regiones bien definidas, la costa Ibérica y la costa noroeste de África. Estas 
separación no es simplemente geográfica (Estrecho de Gibraltar), sino que responde a 
una discontinuidad en el flujo ecuatorial debida a la entrada de agua del Mediterráneo. 
Al oeste de este punto, el régimen de circulación del giro subtropical se divide en la 
Corriente de Portugal (PC) al norte y la Corriente de Canarias (CC) al sur (Saunders, 
1982; Pollard y Pu, 1985; Pingree, 1997). 
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Fig. 1. Imagen tomada de Arístegui et al. (2009). Mapa esquemático del giro subtropical del Atlántico 
Norte, mostrando las principales corrientes (azul claro: corrientes superficiales; azul oscuro: corrientes 
sobre el talud), los principales cabos, ríos (flechas azules), aportes de polvo (>10 g m-2, color beige), 
zonas de retención (naranja) y dispersión (verde) en la plataforma, zonas de frente entre masas de agua 
(línea azul de guiones) y eddies (azules: ciclónicos; rojos: anticiclónicos) al sur de las Islas Canarias. 
NACW: Agua central del Atlántico norte; SACW: Agua central del Atlántico sur; AC: corriente de 
Azores; CanC: corriente de Canarias; MC: corriente de Mauritania; NEC: corriente nor-ecuatorial; 
NECC: contra-corriente nor-ecuatorial; PC: corriente de Portugal; SC: corriente de talud. 
3.2 Interacción entre la Corriente de Portugal y la costa Ibérica 
La circulación superficial oceánica al oeste de la Península Ibérica se caracteriza 
por la débil corriente de Portugal (PC), que fluye hacia el sur todo el año, en la interfase 
entre la corriente del Atlántico norte y la CC (Pelíz y Fiúza, 1999). El patrón de 
circulación es mucho más complejo sobre el talud continental y la plataforma, 
mostrando una marcada estacionalidad definida por el régimen de vientos costeros de la 
zona. Durante primavera y verano (de marzo-abril a septiembre-octubre), los vientos del 
noreste que predominan en la cuenca Ibérica originan la corriente costera de Portugal 
(PCC) que fluye en superficie hacia el sur (< 100m) y la corriente costera profunda de 
Portugal (PCUC) que fluye hacia el norte por el talud (Wooster et al., 1976; Bakun y 
Nelson, 1991). Por el contrario, durante el resto del año predominan vientos de 
componente suroeste que hacen que el sentido de la corriente superficial se invierta, 
originando la contracorriente de Portugal (PCCC, también llamada corriente polar 
Ibérica) que fluye hacia el norte y se une a la PCC en profundidad, haciendo que toda la 
columna, desde superficie hasta 1500 metros de profundidad fluya hacia el norte, 
incluyendo la propagación del agua Mediterránea (entre 800-1000 m de profundidad) 
por el oeste y el norte de la Península Ibérica (Wooster et al., 1976; Frouin et al., 1990; 
Haynes y Barton, 1990, Relvas et al., 2007). 
Otro papel importante lo juega la pluma flotante del oeste ibérico (WIBP) 
producida por el aporte de agua dulce de los ríos que genera una pluma superficial de 
baja salinidad. Esta pluma persiste todo el año aunque es menos intensa durante los 
meses de verano e interacciona de manera compleja con la circulación de agua. Esta 
pluma se desplaza por la costa hacia el norte de forma natural, incrementándose su 
velocidad con vientos del sur y hundimiento. Por el contrario, durante el afloramiento su 
desplazamiento habitual se altera, siendo desplazada hacia el sur y fuera de la costa, 
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haciendo más patente el frente de afloramiento que se crea entre el agua aflorada fría, 
poco salada y el agua cálida, salada del océano (Peliz et al., 2002) 
La corriente costera de Portugal (PCC) está asociada con el afloramiento costero 
estacional y con la exportación de aguas costeras al océano por medio de filamentos,  a 
lo largo del margen oeste Ibérico: Cabo Finisterre, Cabo Silleiro, Cabo Roca y Cabo 
San Vicente (McClain et al., 1986; Sousa y Bricaud, 1992; Haynes et al., 1993; Pelíz y 
Fiúza, 1999). En su contra, la contracorriente costera de Portugal (PCCC) está asociada 
con hundimiento en la costa y el apilamiento de aguas costeras en la vertiente Atlántica 
(Pelíz y Fiúza, 1999; Castro et al., 1997; Álvarez–Salgado et al., 2003) y Cantábrica 
(Bode et al., 1990; Fernández et al., 1993). 
La extensión y duración de la época de afloramiento y hundimiento varía 
fuertemente a lo largo del año y describe un periodo de décadas asociado con la 
oscilación del Atlántico norte (NAO). Normalmente empieza entre abril y mayo y acaba 
entre mediados de septiembre y octubre. Sin embargo, este ciclo estacional solo explica 
el 10% de la variabilidad en el régimen de vientos, mientras que más del 70% se explica 
por una sucesión de eventos de afloramiento-relajación con una periodicidad de 1 a 3 
semanas (Blanton et al., 1987; Álvarez–Salgado et al., 1993, 2002, 2003).  
3.3 Interacción entre la Corriente de Canarias y la costa marroquí 
La región de afloramiento permanente entre Gibraltar y Cabo Blanco se 
mantiene gracias a la presencia de los vientos alisios del nordeste durante todo el año, 
que incrementan su intensidad durante los meses de verano. Sin embargo más al sur, 
entre Cabo Blanco (21ºN) y Cabo Verde (15ºN), el afloramiento vuelve a ser estacional 
siendo su intensidad máxima en los meses de invierno. Al contrario que la costa Ibérica, 
la costa noroeste africana esta fuertemente influida por la circulación de la corriente de 
Canarias (CC), que es la rama este del giro subtropical del Atlántico norte. La CC fluye 
hacia el ecuador interaccionando con las aguas costeras afloradas a lo largo de su 
recorrido y a la altura de Cabo Blanco se separa de la costa, fluyendo hacia el oeste 
frente a Cabo Verde (Hughes y Barton, 1974).  
El mayor obstáculo al flujo ecuatorial es la formación de filamentos en Cabo 
Ghir (30ºN) y Cabo Juby (28ºN), los cuales representan una importante separación de la 
CC fuera de costa exportando enormes cantidades de materia orgánica al océano, 
muchas veces en forma de eddies. Además, el archipiélago de las Canarias introduce 
gran variabilidad de mesoescala en forma de vórtices a sotavento de las islas e 
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interacciona con el afloramiento costero de Cabo Juby (Arístegui et al., 2009). En la 
mayor parte de esta zona de afloramiento, su gran plataforma determina que la celda de 
afloramiento esté más alejada de costa, propiciando la aparición de una gran 
contracorriente polar de hasta 100 km de ancho centrada en 300 m de profundidad 
(Marchesiello y Estrade, 2007). Flujos polares contrarios al flujo ecuatorial se dan entre 
el archipiélago de las Canarias y Marruecos a finales de otoño e invierno asociados al 
debilitamiento de los alisios al sur de Cabo Ghir (Navarro-Pérez y Barton, 2001; 
Hernández-Guerra et al., 2002) 
La plataforma continental del sistema de afloramiento costero de Canarias – 
Península Ibérica es la más extensa de todos los sistemas de afloramiento costeros del 
mundo, dando lugar a una alta complejidad hidrográfica de mesoescala asociada a su 
topografía (Arístegui et al., 2009). Además, al comparar la producción primaria de este 
ecosistema con la de otros sistemas de afloramiento, se observa que hay entre dos y 
cuatro veces más producción en el afloramiento del noroeste de África pese a tener 
menos nutrientes (Minas et al., 1986; Longhurst et al., 1995; Thomas et al., 2001), 
gracias a la mayor extensión de la plataforma y a los procesos de remineralización que 
se dan en ella. Esta regeneración permite mantener concentraciones altas de sílice, de 
manera que la producción primaria no se inhibe (Minas et al., 1982).  
Desde el punto de vista de la explotación de los recursos pesqueros, la 
importancia de estos ecosistemas de afloramiento costeros  es enorme en relación a la 
superficie que ocupan. La fertilización por aguas profundas ricas en nutrientes asociada 
al afloramiento promueve proliferaciones de fitoplancton que, a su vez, sostienen una 
elevada producción secundaria capaz de mantener importantes pesquerías de sardina, 
jurel o caballa (Guisande et al., 2001; Roy and Reason, 2001; Arístegui et al., 2006). En 
estas zonas se produce una marcada intensificación de los procesos de mesoescala por la 
interacción de la topografía de la costa y la plataforma con el agua aflorada, que forma 
frentes costeros que pueden evolucionar en forma filamentos, eddies, áreas de retención 
y exportación con importante repercusión a nivel biogeoquímico.  
3.4 Filamentos de agua aflorada, formación e importancia 
Los vientos estacionales crean un frente termal entre las aguas frías, mezcladas y 
afloradas que se encuentran sobre la plataforma y el agua oceánica estratificada. La 
intensidad mantenida de viento provoca un flujo neto ecuatorial pegado a costa que se 
separa de ésta en cabos y promontorios (Relvas et al. 2007). Cuando la corriente de 
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salida supera los 0.5 m s-1 los filamentos de agua aflorada se desarrollan, exportando el 
exceso de materia orgánica (en disolución, así como fito y zooplancton) 
superficialmente (<100 m) hacia las aguas oligotróficas del océano adyacente. Estos 
filamentos se extienden cientos de kilómetros mar adentro, favoreciendo la dispersión 
de materia orgánica sobre amplias zonas del océano. Dependiendo de la intensidad de 
los vientos los filamentos pueden desconectarse de la costa y quedarse aislados en 
medio del océano en forma de eddies o regresar hacia la costa si disminuyen los vientos.  
El intercambio de materia y energía es especialmente intenso en los filamentos 
permanentes de Cabo Ghir (30ºN) y de Cabo Blanco (10ºN), dado que se producen 
durante todo el año, con un ligero aumento en su intensidad durante los meses de 
verano. De menor tamaño, pero no por ello menos importante, es el filamento que se da 
en las Rías Bajas de Galicia, donde su topografía interactúa como una extensión de la 
plataforma canalizando el flujo de agua profunda y originando un filamento que oscila 
entre Finisterre y Cabo Silleiro (Arístegui et al., 2009).  
Comparativamente, el filamento de Cabo Ghir exporta de dos a tres veces más 
producción primaria costera que el filamento de Cabo Silleiro, dado que su extensión es 
mucho mayor (6660 frente a 3400 km2, respectivamente) y porque los vientos carecen 
de una estacionalidad tan marcada. Además, al ser los vientos más intensos se produce 
una mayor fertilización, una mayor producción primaria y un mayor transporte de agua 
hacia la superficie. En concreto, el transporte total de agua en ambos sistemas de 
afloramiento es 2.5 Sv (106 metros cúbicos por segundo) para la región del noroeste de 
África y 0.25 Sv para la Península Ibérica. Dentro de este transporte hay que diferenciar 
entre el transporte hacia el océano por filamentos y el transporte de Ekman, que es la 
elevación de agua profunda a lo largo de la costa constituyendo el afloramiento. En 
Cabo Silleiro la proporción de agua transportada por el filamento frente al transporte de 
Ekman es 2.5, mientras que en Cabo Ghir esta proporción aumenta hasta 4.5, lo que 
demuestra la potencia de este filamento (Álvarez-Salgado et al., 2007). 
3.5 Sistemas de afloramiento, hervideros de vida 
Las regiones de afloramiento proveen, además de nutrientes y una elevada 
producción primaria y secundaria, zonas de retención que son usadas por los 
organismos para evitar su advección a zonas menos favorables para su desarrollo. 
Aunque se ha considerado en muchos trabajos que la advección fuera de las zonas de 
afloramiento es la principal causa de mortalidad y disminución en el reclutamiento de 
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estados larvarios (revisado por Young, 1995; Metaxas 2001), conforme más se avanza 
en el estudio de especies individualmente, se aprecia que cada especie despliega una 
serie de respuestas que influyen en su posición vertical y que, acoplado con la 
hidrografía, permite a cada especie elegir el área que más le conviene (Peterson, 1998; 
Shanks et al., 2005, 2009; Marta-Almeida et al., 2006; Queiroga et al., 2004; dos Santos 
et al., 2008) 
Como se puede ver en la figura 1, en el sector central norte de la costa Ibérica se 
halla una de las principales áreas de puesta y reclutamiento de sardina (Sardina 
pilchardus, Carrera y Porteiro, 2003, Santos et al., 2004, 2006), jurel (Trachurus 
trachurus, Murta et al., 2008), larvas de cangrejos (dos Santos et al., 2008) y otros 
invertebrados (p.e. gasterópodos, Lima et al., 2006). En esta zona la interacción del 
afloramiento costero con una plataforma extensa sin cañones submarinos hacen que el 
transporte neto sea a lo largo de la costa hacia el sur/norte durante pulsos de 
afloramiento/hundimiento, actuando como una zona de retención, especialmente durante 
el invierno.  
Durante estos meses, la retención cerca de la costa ocurre tanto bajo condiciones 
de hundimiento como de afloramiento. Durante el hundimiento los vientos del sur 
desplazan el agua oceánica sobre la plataforma haciendo que la WIBP quede retenida 
contra la costa. A su vez, los pulsos de afloramiento transportan la WIBP hacia el 
océano, pero su desplazamiento se ve bloqueado en el borde de la plataforma por la IPC 
en su camino hacia el norte, lo que origina una zona de convergencia que favorece la 
retención de los organismos y su distribución a lo largo de la costa sobre la plataforma. 
Esta situación oceanográfica es aprovechada por muchos organismos neríticos, como 
sardinas y otros pequeños pelágicos, que hacen sus puestas en invierno en la WIBP para 
minimizar el transporte de huevos y que éstos queden retenidos próximos a la costa 
(Santos et al., 2004, 2006). Otra ventaja es la fuerte estratificación que se da dentro de 
esta pluma menos salina que favorece el crecimiento del fitoplancton (Ribeiro et al., 
2005) y una alta biomasa de zooplancton, que aseguran el correcto crecimiento de las 
jóvenes sardinas (Chícharo et al., 2003). 
En la zona del afloramiento costero de Cabo Ghir por el contrario, (Fig. 1) 
predominan los procesos de exportación promovidos por el filamento. En esta zona, 
especies neríticas han adaptado su modo de vida para que sus larvas y huevos sean 
transportadas hacia el océano dentro del filamento donde la biomasa de 
mesozooplancton es mayor (Hernández-León et al., 2002, Becognée et al., 2006). En 
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Cabo Ghir, la abundancia de sardinas adultas sobre la plataforma aumenta con la 
intensidad del afloramiento, así como sus larvas que son transportadas por el filamento 
(Belvèze y Herzini, 1983). En concreto, Rodríguez et al. (1999) encontraron que el 94% 
de las larvas de peces encontradas en el filamento eran de origen nerítico, mientras que 
las larvas de especies oceánicas no estaban presentes en dicha estructura.  
Sin embargo, no toda la comunidad costera es transportada por el filamento, sino 
que muchos organismos han desarrollado estrategias para quedar retenidos sobre la 
plataforma, pese al balance neto de exportación que tiene este sistema. Un claro ejemplo 
lo tenemos en los copépodos, que son los organismos predominantes del 
mesozooplancton en este ecosistema (80-90% de total, Thiriot, 1978; Vives, 1982). En 
la zona de afloramiento predominan los copépodos de pequeño y mediano tamaño como 
Temora stylifera, Oithona plumífera, Paracalanus parvus, Ctenocalanus vanus, Acartia 
danae, pero conforme sale el filamento los copépodos son de mayor tamaño, 
principalmente Calanoides carinatus, Calanus helgolandicus and Undinula vulgaris 
(Hernández-León et al., 2007). Más al sur, cerca de Cabo Juby, existe un área de 
retención importante debido a un eddie ciclónico casi permanente (Barton, 1998), que 
hace que las aguas que salen en el filamento vuelvan hacia la plataforma entre siete y 
diez días después (Navarro-Pérez y Barton, 2001), actuando como guardería para 
especies neríticas. 
4. Proyecto en el que se encuadra la tesis 
He tenido la inmensa suerte de participar en el proyecto “Intercambio 
plataforma-océano en el ecosistema marino de las Islas Canarias-Península Ibérica 
(CAIBEX): Afloramiento de Cabo Silleiro” llevado a cabo entre 2007 y 2010. Los 
objetivos de este ambicioso proyecto eran comprender los intercambios físico-químicos 
y biológicos de mesoescala que se dan entre dos áreas de afloramiento costero, uno 
estacional y otro permanente, y las oligotróficas aguas del océano, así como establecer 
el contexto oceánico del giro subtropical del Atlántico norte en el que localizan ambos 
ecosistemas.  
Para lograr estos objetivos se realizaron tres campañas a bordo del buque 
oceanográfico “Sarmiento de Gamboa” (contraportada). En la primera y tercera 
campaña, se trató de estudiar el papel de los filamentos mediante estudios lagrangianos 
en el afloramiento estacional del caladero de Cabo Silleiro, Galicia (42ºN, CAIBEX-I) y 
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en el afloramiento permanente del caladero de Cabo Ghir, Marruecos (30ºN, CAIBEX-
III). Especial atención se prestó al estudio de las transformaciones biogeoquímicas 
experimentadas por la materia orgánica en su viaje desde la costa hacia el océano.  
El contexto oceánico presente entre ambas campañas fue determinado durante 
CAIBEX-II, muestreando los extremos de la caja definida al norte y sur por las latitudes 
42ºN y 28ºN, al oeste por la longitud 20ºO y al este por las costas atlánticas de la 
Península Ibérica y del norte de África. Durante esta campaña lamentablemente no se 
hicieron muestreos de zooplancton que permitieran ver el cambio en las comunidades de 
meso y macrozooplancton de la costa al océano y el cambio latitudinal en esas 
comunidades. 
Este proyecto incluía, además de las campañas oceanográficas, un programa de 
monitoreo en ambos sistemas de afloramiento que se realizó entre 2008 y 2010. El 
monitoreo del afloramiento estacional de Cabo Silleiro se hizo dentro y fuera de la Ría 
de Vigo a bordo del “buque” oceanográfico “Mytilus” (IIM-CSIC), mediante muestreos 
físico-químico mensuales y 10 muestreos nocturnos de mesozooplancton, centrados al 
principio (julio) y al final (septiembre-octubre) de la época de afloramiento. De estos 
tres años de muestreo en la Ría de Vigo, solo se estudiaron en profundidad las muestras 
del 2008, mientras que en los muestreos de 2009 y 2010 solo se obtuvieron las 
paralarvas de cefalópodos. Paralelamente, se realizó un programa de monitoreo en el 
área de Cabo Ghir a bordo del buque oceanográfico “Al Amir Moulay Abdallah” del 
Institut National de Recherche Halieutique de Casablanca (INRH). Este monitoreo no se 
ha incluido en esta tesis, salvo una campaña de mesozooplancton realizada en 
septiembre de 2008, para determinar las paralarvas de cefalópodos presentes en esta 
área de afloramiento costero. 
5. Objetivos de la tesis 
Imagino que a la mayoría de los doctorandos que abordan estudios de esta 
naturaleza les habrá ocurrido lo mismo que a mí, ya que los objetivos propuestos al 
principio de un estudio tan amplio van variando en función de las circunstancias. Así, 
por ejemplo, por mucho que quieras estudiar el comportamiento de las larvas en el 
interior de un filamento costero, preparando la campaña concienzudamente con un año 
de antelación, finalmente todos tus objetivos dependen de que ese fenómeno se 
produzca desde que el barco zarpa del puerto hasta que vuelve, lo cual es imposible de 
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predecir. Por ello, es más fácil escribir los objetivos de una tesis al final, cuando 
simplemente miras hacia atrás y describes los cambios de dirección que has ido 
tomando a lo largo de todo el camino. Lo realmente difícil es vislumbrar ese camino al 
principio y la verdadera belleza reside en seGhirlo y comprobar hasta dónde uno puede 
llegar.  
Dentro del proyecto en el que se enmarcaba, el objetivo inicial de esta tesis 
consistía en determinar el contexto biológico de las paralarvas de pulpo común 
(Octopus vulgaris) en la Ría de Vigo. Sin embargo, estudiar la ecología de un 
organismo planctónico poco abundante como el pulpo, requiere de mucho esfuerzo de 
muestreo y aun más esfuerzo para encontrar las paralarvas, si las hay, entre los millones 
de organismos recolectados. Después de más de tres años de muestreos, tuve a mi 
disposición todos los datos de larvas de cefalópodos encontradas y la posibilidad de 
diseñar experimentos que respondieran preguntas sobre su ecología. Este gran retardo 
hace casi imposible la posibilidad de tener unos objetivos específicos a priori, sino que 
éstos fueron surgiendo a lo largo de la tesis. Asimismo, las preguntas que al principio se 
ceñían al pulpo, se extendieron al conjunto de larvas de cefalópodos. 
Mi primer objetivo fue responder una pregunta que entrañaba una gran 
dificultad: ¿qué comen las larvas de pulpo en libertad? La respuesta a esta pregunta 
aparentemente sencilla se expone en los Capítulos 1 y 2 de esta tesis. Las dificultades 
residían en el pequeño tamaño de las paralarvas de pulpo (sobre 2 mm de longitud 
total), su baja abundancia en el medio marino (1 larva cada 100.000 animalitos en la Ría 
de Vigo), y sobre todo por el modo de alimentación, ya que estas criaturas digieren 
externamente a sus presas y absorben el licuado interno. Ante la imposibilidad de 
reconocer morfológicamente a las presas, la única opción era detectar su ADN en el 
tracto digestivo de la paralarva. Por esta razón antes de conocer la dieta en libertad tenía 
que saber si podía detectar una presa conocida, como la Artemia, en una única paralarva 
de pulpo con técnicas genéticas. Esta técnica de PCR anidada usando primers 
específicos para Artemia está descrita en el Capítulo 1 y corresponde al artículo “A 
molecular approach to identifying the prey of cephalopod paralarvae”. 
Una vez confirmado que se podían detectar genéticamente presas en una sola 
paralarva, mi siguiente objetivo fue determinar las presas de las paralarvas de pulpo 
recolectadas en el zooplancton de la Ría de Vigo, recogido en el Capítulo 2 de esta tesis. 
En este caso, la complejidad residía en la cantidad de organismos que se encuentran en 
el plancton de la Ría y en la imposibilidad de crear primers específicos para cada uno 
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debido a las constricciones temporales y económicas. Por esta razón diseñé unos 
primers para una amplia gama de presas, que no amplificaban en ADN de las larvas. La 
técnica desarrollada permitió la detección de 20 presas distintas en 18 larvas de pulpo 
capturadas en la Ría de Vigo, confirmando que las larvas recién eclosionadas son 
depredadores muy específicos, contrariamente a lo que se observó en otras larvas de 
cefalópodos. Este hallazgo está descrito en el artículo “Molecular prey identification in 
wild Octopus vulgaris paralarvae”. 
La siguiente pregunta fue: ¿A qué comunidad de zooplancton pertenecen las 
paralarvas de cefalópodos capturadas en la Ría de Vigo? A partir de aquí, la tesis hace 
un salto de escala abarcando a todas las paralarvas de cefalópodos y no solo al pulpo. Su 
respuesta la constituyen los Capítulos 3 y 4. Antes de poder responder a la pregunta 
había que identificar las comunidades de zooplancton presentes tanto dentro como fuera 
de la Ría de Vigo, así como su variación dependiendo del contexto oceanográfico. Esta 
descripción corresponde al Capítulo 3 y está recogida en el artículo “Short-time meso-
scale variability of mesozooplankton communities in a coastal upwelling system (NW 
Spain)”.  
Con las comunidades de zooplancton de la Ría de Vigo perfectamente 
diferenciadas, en el Capítulo 4 se estudia a qué comunidad pertenecen, no solo las larvas 
de pulpo, sino todas las larvas de cefalópodos encontradas en las muestras de 
zooplancton. Además, se investigó cómo influyen la meteorología, la hidrografía y la 
biología en la distribución y abundancia de éstas. Este trabajo está descrito en el artículo 
“Cephalopod paralarvae distribution and interactions with mesozooplankton 
communities in a coastal upwelling system (Ría de Vigo, NW Spain)”, que está 
actualmente en revisión. 
Las siguientes cuestiones fueron: ¿A dónde van las paralarvas de cefalópodos 
costeros? y ¿Cuáles son sus potencialesdepredadores? Estos interrogantes pudieron 
responderse en el Capítulo 5, gracias a la realización de dos campañas oceanográficas 
efectuadas en 2009 en dos sistemas de afloramiento costero, el estacional de Cabo 
Silleiro (42ºN), enfrente de las costas gallegas y portuguesas, y el cuasi-permanente de 
Cabo Ghir (30ºN), en las costas marroquíes. En dichas campañas se siguió con boyas de 
deriva el desplazamiento de las masas de agua costeras afloradas por el viento y 
transportadas hacia el océano formando un filamento. Además de todas las larvas de 
cefalópodos, se determinó el macrozooplancton (tamaño entre 2-20 cm), para identificar 
la abundancia de los potenciales depredadores de las larvas de cefalópodos. Este 
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capítulo todavía no ha sido enviado a ninguna revista y supone el punto de partida de 
futuras investigaciones. 
6. Curiosidades 
El volumen de agua filtrado en los tres años de muestreos en la Ría de Vigo 
(2008-2010), y en tres campañas oceanográficas (Cabo Ghir 2008, CAIBEX-I y 
CAIBEX-III), 309.266 m3, equivale al volumen de 124 piscinas olímpicas (50 x 25 x 2 
m), o al campo de fútbol del Camp Nou (110 x 54 m) hasta una altura de 48 metros.  
Si colocásemos toda ese agua filtrada en cubos de 1 cm, uno detrás de otro, daría 
la vuelta a la Tierra (40.050 km) 77 veces.  
Si derramásemos todo ese volumen sobre la ciudad de Vigo (109 km2), se 
cubriría con unos 3 mm de agua. 
En todo ese volumen de agua se recogieron aproximadamente unos 155.000.000 
de organismos de aguas costeras (109.000.000) y oceánicas (46.000.000), considerando 
como abundancias medias las obtenidas en esta tesis: costa 1100 organismos/m3 y 
océano 220 organismos/m3.  
De todo ese volumen se separaron 200.371 salpas y 611.050 organismos, entre 
los que hay quetognatos, anfípodos, poliquetos, cumáceos, isópodos, filosomas, larvas 
de estomatópodo, gambas, peces, eufausiáceos, medusas y cefalópodos.  
En conjunto, se extrajeron manualmente unos 811.421 animales de la muestra, 
que supone 2,7 veces los habitantes de Vigo (297.241 habitantes en 2011). 
Entre todos estos animales se encontraron 2451 cefalópodos (1440 Octopus 
vulgaris, 687 loligínidos, 211 sepiólidos, 83 especies oceánicas y 30 omastréfidos). Esto 
nos permite tener una idea de la proporción de estos organismos en su medio:  
- 1 larva de pulpo, Octopus vulgaris, por cada 107.000 organismos sobre la 
plataforma (< 200 m de profundidad), por cada 214.000 organismos sobre el talud (> 
200 m) de la Península Ibérica y por cada 1.100.000 organismos en el talud marroquí.  
- 1 larva de loligínido por cada 158.000 organismos sobre la plataforma. 
- 1 larva de sepiólido por cada 516.000 organismos sobre la plataforma. 
- 1 larva de especies oceánicas cada 557.000 organismos sobre el talud. 
- 1 larva de omastréfido cada 5.169.000 organismos sobre la plataforma y el 
talud. 
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 En esta tesis se obtuvieron una media de 6.5 paralarvas por muestra, lo que 
supone el estudio con mayor capturas de paralarvas en el Atlántico Este. Esta cantidad 
aparentemente baja (2451 paralarvas / 375 muestras del 2008-2010), se pone de 
manifiesto si la comparamos con el trabajo de Moreno et al. (2009), donde se 
encontraron 911 larvas de cefalópodos en 4141 muestras recolectadas entre 1986-2004.  
 Las larvas de los distintos cefalópodos encontrados en la Ría de Vigo mantienen 
unas proporciones bastante estables en los tres años estudiados. En conjunto, se 
encuentran por cada larva de omastréfido, unas 17 larvas de sepiólidos, 51 larvas de 
loligínidos y 130 larvas de pulpo. 
 En esta sección, se merece un apartado la vista de Felix Álvarez, quien estuvo 
contratado durante 2 años y 4 meses, principalmente, para encontrar las paralarvas de 
cefalópodos y que yo pudiera realizar esta tesis. Si consideramos que trabajó unas 6 
horas al día buscando paralarvas, eso supone que pasaron por delante de sus ojos un 
mínimo de 43.074 animales por hora o 717 animales por minuto o 12 animales por 
segundo, durante todo su contrato (600 días). En los agradecimientos le di las gracias 
por su trabajo y ahora le quiero agradecer las dioptrías que me ahorró. 
Por todo esto, cuando veo los datos encima de la mesa y la extrema escasez de 
algunas larvas de cefalópodos en las muestras que estudiamos, me alegro mucho de no 
haber hecho la tesis sobre larvas de omastréfidos. 
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 CAPÍTULO 1 
 
Puesta a punto de un método molecular para identificar presas en 
paralarvas de cefalópodos 
Álvaro Roura, Ángel F. González, Santiago Pascual, Ángel Guerra 
 
En este trabajo se pone a punto un método molecular para detectar Artemia 
franciscana dentro de una paralarva de Octopus vulgaris, como primer paso para 
comprender la dieta del pulpo en su etapa planctónica. Para ello se cogieron huevos de 
la puesta de una hembra salvaje en la ría de Vigo (noreste de España) y se llevaron al 
laboratorio. Tras su eclosión, las  paralarvas fueron transferidas a tanques rectangulares 
de 30 l con sistema abierto de agua filtrada y Artemia como presa. Aquellas larvas que 
se alimentaron fueron fijadas en etanol al 80% y almacenadas a -20ºC. Para poder 
detectar genéticamente la Artemia en cada larva, se diseñaron primers específicos para 
amplificar un fragmento de 250 pb del gen citocromo c oxidasa subunidad I. Una sola 
PCR no fue suficiente y se necesitó realizar una PCR anidada para poder detectar a la 
Artemia entre el ADN del pulpo. Este método molecular abre las puertas para resolver 
la dieta de las paralarvas de pulpo en libertad, esencial para conocer mejor su ecología y 
para aumentar su supervivencia en acuicultura. 
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A molecular approach to identifying the prey of cephalopod
paralarvae
A´lvaro Roura, A´ngel F. Gonza´lez, Santiago Pascual, and A´ngel Guerra
Roura, A´., Gonza´lez, A´. F., Pascual, S., and Guerra, A´. 2010. A molecular approach to identifying the prey of cephalopod paralarvae. – ICES
Journal of Marine Science, 67: 1408–1412.
A molecular method was developed to detect Artemia franciscana within Octopus vulgaris paralarvae, as a ﬁrst step towards under-
standing the diet of octopus during this life stage. Wild eggs were collected from a spawning female in the Rı´a de Vigo (northwestern
Spain) in late summer, and brought to the laboratory. After hatching, paralarvae were reared in 30 l rectangular tanks with an open
seawater ﬁltered system. Paralarvae were fed Artemia, then immediately ﬁxed in 80% ethanol and preserved at 2208C. Primers speciﬁc
to A. franciscana were designed for the gene cytochrome c oxidase subunit I. A nested polymerase chain reaction was necessary to
detect A. franciscana within octopus paralarvae. This molecular method provides a new framework for resolving the diet of cepha-
lopod paralarvae in the wild, essential for ecological understanding and increasing survival rates in aquaculture.
Keywords: Artemia franciscana, cytochrome oxidase subunit I, diet, Octopus vulgaris, PCR.
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Introduction
The identification of prey in the diet of cephalopod paralarvae by
visually analysing gut contents is extremely difficult. This gap in
understanding their ecology is a consequence of their prey inges-
tion method. Most paralarvae do not swallow prey whole, but
instead bite and administer saliva enzymes that paralyse or kill
the prey and cause the muscle to separate from the carapace.
The beak and the radula are then used to scrape out the predi-
gested flesh, leaving an empty exoskeleton, which is rejected
(Herna´ndez-Garcı´a et al., 2000), although sometimes they ingest
small pieces of the carapace or appendages (Vecchione, 1991;
Vidal and Haimovici, 1998; Iglesias et al., 2006). This ingestion
method, together with the relatively short digestion process (1 h
estimated for Octopus vulgaris paralarvae 12 d old using glass
beads encapsulated within Artemia nauplii; R. Villanueva, unpub-
lished data), makes the study of stomach contents very difficult.
To date, just four attempts to identify the gut contents of para-
larvae have been undertaken. Vecchione (1991) stained Abralia tri-
gonura and Sthenoteuthis oualaniensis paralarvae with Alcian Blue,
and cleared it with trypsin to identify their prey. Passarella and
Hopkins (1991) examined the digestive tracts of octopus and
squid (paralarvae and juveniles) in the Gulf of Mexico. Vidal
and Haimovici (1998) looked at the digestive tract of Illex argen-
tinus paralarvae using the cleaning and stained method developed
by Vecchione (1991). Song et al. (2009) visually examined the
stomach contents of wild paralarvae and juveniles of the
common squid Todarodes pacificus. Stomach contents of these
paralarvae consisted of copepods, ostracods, and crustacean eggs
found in zooplankton.
Despite the absence of wild dietary studies of O. vulgaris para-
larvae, the diet has been extensively studied in laboratory rearing
experiments (Itami et al., 1963; Villanueva, 1994; Shiraki, 1997;
Iglesias et al., 2004; Carrasco et al., 2006). These experiments
demonstrated the commercial viability of common octopus
culture. Iglesias et al. (2007) suggested that the lack of a protocol
for rearing paralarvae and nutritional deficiencies in larval diets
might account for the high mortality and poor growth observed
in the first weeks of life. A suitable diet has not been developed
for O. vulgaris paralarvae, but better understanding of the diet
of wild paralarvae is essential for successful commercial culture
of the species. To gain this understanding, methods that allow
the molecular identification of known prey digested by the paralar-
vae are needed.
Species-specific polymerase chain reaction (SS–PCR) of DNA
is a commonly used molecular tool for resolving trophic links in
marine ecosystems (Jarman et al., 2004; Passmore et al., 2006).
It has been applied to identify echinoderm larvae (Deagle
et al., 2003), to quantify copepod feeding (Nejstgaard et al.,
2008), and to analyse the diet of marine vertebrate predators
(Jarman et al., 2002). One of the most widely used genes for
SS–PCR is the mitochondrial gene cytochrome c oxidase
subunit I (COI; Harper et al., 2005). This gene has been used
to identify prey in copepod (Vestheim et al., 2005), amphipod
(Blankenship and Yayanos, 2005), fish (Smith et al., 2005),
and krill (To¨be et al., 2009) diets. We chose mitochondrial
DNA (mtDNA) for two reasons. First, hundreds of thousands
of copies of mtDNA may be present within each cell (Hoy,
1994), greatly increasing sensitivity and hence the probability
of amplifying prey DNA from the predator’s gut. Second, the
use of the COI gene as a barcode region (Hebert et al., 2003)
ensures the availability of prey and predator sequences in data-
bases for designing species-specific primers.
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Several studies have reported that prey DNA detection success
in gut and faecal samples has been enhanced by targeting short
DNA targets (,300 bp). This is because DNA molecules are
broken during digestion (Agustı´ et al., 1999; Zaidi et al., 1999;
Juen and Traugott, 2006). For this reason, we designed a set of
primers targeting a 250 bp region within A. franciscana COI.
Because of difficulties amplifying Artemia DNA, a two-step
nested PCR approach was developed to increase the sensitivity
of the molecular method. Using this method, an initial enrichment
PCR was conducted with universal primers, and the product of
this PCR was used as a template for the second specific PCR
with the A. franciscana species-specific primers designed within
the universal region. This method has been observed to improve
sensitivity by 100 (Deagle et al., 2003) to 10 000 (Miserez et al.,
1997) times, compared with the standard PCR.
The aim of this work was to develop a molecular method for
identifying A. franciscana within a single O. vulgaris paralarva.
Material and methods
Rearing of octopus paralarvae
To ensure that the digestive tract of O. vulgaris paralarvae was
empty, egg strings were collected from a wild spawning female
in the Rı´a de Vigo (northwestern Spain, 42814′N 8849′W) in late
summer 2008. Paralarvae hatched immediately after introducing
the egg strings into a bottle, and 500 recently hatched paralarvae
were transferred to an open seawater filtered system (1 mm) con-
sisting of a 30 l rectangular tank with black walls and a white
base. Mean water temperature in the culture system was 19.38C
(17.9–20.28C) and salinity 35 (34.4–35.6). The tank was provided
with a light cycle of 24 h. The paralarvae were fed a diet consisting
of live Artemia EG (Origin: Great Salt Lake, UT, USA, supplied by
INVE Aquaculture, Belgium) ranging from 1.1 to 9 mm total
length (TL), at a concentration of 0.05–0.1 ind. ml21.
Paralarvae fed A. franciscana were immediately fixed in 80%
ethanol and stored at –208C according to the method of
Passmore et al. (2006). The TLs of both paralarvae and A. francis-
canawere measured after fixation, from the apex of the head to the
extremity of the arms and from the apex of the head to the end of
the abdomen, respectively, with the aid of the image analysis
system NIS-Elements D 2.30.
Extracting genomic DNA
Before DNA extraction, the surfaces of O. vulgaris paralarvae were
washed with distilled water to remove possible contaminants.
A DNeasy Tissue Kit (Qiagen) was used to extract genomic
DNA from three sources: newly hatched paralarvae that had not
been in contact with A. franciscana, individual paralarvae fed
with A. franciscana, and A. franciscana alone. Manufacturer’s
instructions were followed except that lysis of the samples was
performed by adding 12 ml proteinase K and incubating at 568C
overnight, all reaction volumes were reduced by half, and samples
were eluted in 80 ml of AE buffer. Reactions were stored at 48C.
The purity of the DNA extracted was determined using the
absorbance ratio at 260/280 nm, with values from 1.8 to 2 repre-
senting highly purified DNA (Gallagher and Desjardins, 2006).
Amplifying COI
COI was amplified in all three samples using primers HCO 2198/
LCO 1490 (Folmer et al., 1994; Table 1). PCRs were set up in a
25 ml volume containing 100 ng of template, 2.5 ml of 10× PCR
reaction buffer, 0.5 ml of dNTPs, 0.75 ml of each primer, and
0.025 U ml21 Taq polymerase (Roche). PCR amplifications were
carried out in a TGradient thermocycler (Biometra), and a nega-
tive control was included for each set of PCRs. The cycling proto-
col consisted of an initial denaturation at 948C for 2 min, 40 cycles
of 15 s at 948C, 30 s at 488C, and 45 s at 708C, and a final step of
7 min at 708C.
Owing to the low product yield obtained by amplifying
A. franciscana COI with the universal primer pair HCO
2198/LCO 1490 (Figure 1), several tests were taken to optimize
PCR yield where Artemia DNA was present, testing one variable
at a time. First, we improved the purity of the Artemia template
by extending proteinase K incubation time. Annealing tempera-
ture of the primers was optimized using a gradient from 48 to
588C. The effects of primer concentration and template quantity
of both Artemia and Artemia-fed O. vulgaris were evaluated,
along with the effects of adding 0.75 ml of MgCl2 (2.5 mM) and
1.28 mg of bovine serum albumin (BSA) ml21 to the PCR mix
(Juen and Traugott, 2006).
Artemia franciscana-speciﬁc primer design and nested
PCR
Artemia franciscana-specific primers ArteCOIf/ArteCOIr that
amplified a 250 bp fragment of the COI gene were designed
from A. franciscana sequences available on GenBank using the
program Primer-3 (Rozen and Skaletsky, 2000; Table 1). PCRs
were set up in a 25 ml volume containing 100 ng of template,
2.5 ml of 10× PCR reaction buffer, 0.5 ml of dNTPs, 1.5 ml of
each primer, and 0.025 U ml21 Taq polymerase (Roche). PCRs
were carried out in a TGradient thermocycler (Biometra), and a
negative control was included for each set of PCRs. The PCR pro-
tocol consisted of an initial denaturation step of 948C for 3 min, 40
cycles of 948C for 15 s, 54.68C for 35 s, and 708C for 45 s, and a
final step of 708C for 5 min.
Species-specific primers were employed in the PCR with tem-
plates of 100 ng A. franciscana DNA (positive control) and three
different concentrations (75, 150, and 300 ng) of DNA extracted
from O. vulgaris paralarvae fed on A. franciscana. A nested PCR
was performed using the universal primer pair HCO2198/
LCO1490 for the first round of PCR and the species-specific
primers, and ArteCOIf/ArteCOIr for the second round of PCR.
For the first round of PCR, 150 ng of O. vulgaris paralarvae fed
on A. franciscana were employed as a template, and for the
second round, the template used was 2 ml of the amplified
Table 1. Primer sequences used in the study.
Primer Sequence 5′–3′ Reference Ampliﬁcation size
LCO1490 GGTCAACAAATCATAAAGATATTGG Folmer et al. (1994) 680 bp
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA Folmer et al. (1994)
ArteCOIf CTCCTCCTGGCCAGCTCTATG This study 250 bp
ArteCOIr GGACGGCTGTAATTCCGACTG This study
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product from the first round of PCR (130 ng). In each set of
PCRs, a negative control, consisting of DNA purified from recently
hatched O. vulgaris paralarvae, was included. All PCR products
were separated on 1.75% agarose gel, stained with ethidium
bromide, scanned in a GelDoc XR documentation system
(Bio-Rad Laboratories), and quantified using Quantity One soft-
ware (Bio-Rad Laboratories).
Sequence analysis
Bands of the expected size (250 bp) were cut out and purified
with the QIAEX II gel extraction kit (Qiagen). Sequencing reac-
tions were carried out with an automated DNA sequencer
(Applied Biosystems 3130), using the BigDyeTerminator V3.1
Cycle Sequencing Kit (Applied Biosystems) with the ArteCOIf
primer. Chromatograms were analysed using ChromasPro
version 1.32 Technelysium Pty Ltd Australia. All sequences were
searched for similarity using BLAST (Basic Local Alignment
Search Tool) through the web server of the National Center for
Biotechnology Information (NCBI).
Results
A massive mortality of reared paralarvae took place 2 d (actually
50 h) after hatching, with only a few paralarvae still alive, all lying
at the bottom of the tank. After that period, only nine paralarvae
fed on A. franciscana. TL of these nine paralarvae ranged from 2.91
to 3.42 mm (3.16+0.16 mm), whereas captured A. franciscana TL
varied between 3.1 and 8.2 mm (5.46+1.63 mm).
Amplification of the COI gene fragment with the universal
primers HCO2198/LCO1490 in O. vulgaris paralarvae, O. vulgaris
fed on A. franciscana, and A. franciscana alone produced average
yields of 94.5+ 11.2, 73+ 6.1, and 42.5+ 3.5 ng ml21, respect-
ively (Figure 1). None of the procedures developed to enhance
PCR yields using A. franciscana as a template resulted in significant
yield improvement.
Artemia franciscana-specific primers ArteCOIf and ArteCOIr
yielded amplicons of the expected size (250 bp; Figure 2).
Negative PCR results were observed with the species-specific
primers using different DNA concentrations from paralarvae fed
on A. franciscana. Otherwise, positive PCR results were obtained
in samples using nested PCR. The specificity of A. franciscana
primers was demonstrated by the absence of amplified product
in the octopus paralarvae that did not feed on A. franciscana,
used as a negative control. Positive nested PCR results were veri-
fied by DNA sequencing of the amplified gene products, and a
BLAST search showed high identity values with A. franciscana.
The amplified A. franciscana DNA sequence was registered in
GenBank under accession number FN556594.
Discussion
We developed a molecular method to detect a known prey,
A. franciscana, within a single O. vulgaris paralarvae, providing a
new framework for resolving the diet of cephalopod paralarvae
in the wild. This is important because knowledge of the diet of
paralarvae is crucial for understanding their ecology during this
critical period of their life. Prey variety and abundance influence
the survival of paralarvae (Itami, 1975), affecting the recruitment
of the next generation. Additionally, knowing the diet will allow
better understanding of the nutritional requisites of paralarvae,
knowledge necessary for increasing the poor rates of survival
achieved in feeding experiments and aquaculture (Boletzky,
1989; Villanueva and Norman, 2008).
Fixing paralarvae in ethanol is not necessary for the extraction
method. However, all samples used in this study were fixed,
because the PCRs were not developed just after the ingestion
process. The fixation protocol applied to all the samples was
80% ethanol and –208C, because Passmore et al. (2006) found
that such fixation yielded better PCR products than freezing at
–808C without ethanol. Simply freezing the samples does not
destroy the nucleases that denature DNA; it just inactivates
them. However, preservation in ethanol precludes the problem
of active nuclease, because it permeates the tissue and denatures
nuclease enzymes (Fluornoy et al., 1996). Our results suggest
that the use of ethanol is not a drawback of the method, because
extracted DNA from paralarvae fixed in ethanol is of excellent
quality and realizes good yields during PCRs.
The fact that just nine paralarvae preyed upon A. franciscana,
and there was a massive mortality 50 h into the experiment
could be the result of premature hatching. Mechanical stimulation
when collecting egg strings likely stimulated the hatching, as has
been observed for Octopus tetricus by Joll (1978) and
Enteroctopus dofleini by Snyder (1986). Unsuccessful feeding
experiments with short survival periods suggest that the yolk of
paralarva hatchlings rather than the prey provided the metabolic
fuel (see Villanueva and Norman, 2008, for a review).
Octopus paralarvae preyed upon A. franciscana representing
106–252% of their TL. Paralarvae captured the A. franciscana at
their posterior end (last parapods and abdomen). Paralysis result-
ing from the paralarval cephalotoxin extended from the biting
point to the head within a few minutes. Feeding of the paralarvae
then began before the A. franciscana were totally paralysed, by
taking small parts with the buccal mass, as observed by Iglesias
et al. (2006). This strategy allowed paralarvae to capture prey up
Figure 1. Agarose gel showing PCR ampliﬁcation of COI with the
universal primers HCO2198/LCO1490. Lanes 1 and 2 contain DNA
extracted from A. franciscana, Lanes 3 and 4 DNA extracted from
two recently hatched O. vulgaris paralarvae that did not feed on
A. Franciscana, and Lanes 5 and 6 DNA extracted from two
paralarvae fed on A. franciscana.
Figure 2. Agarose gel showing PCR results for species-speciﬁc
ampliﬁcation using different DNA samples. Samples 1–7 were
ampliﬁed using A. franciscana-speciﬁc primers and samples from 5
and 6 were ampliﬁed by nested PCR. Lane 1: DNA extracted from
A. franciscana (positive control); Lanes 2–4: 75, 150, and 225 ng of
DNA extracted from paralarvae fed on A. franciscana; Lanes 5 and 6,
COI product from paralarvae fed on A. franciscana; Lane 7: DNA
extracted from recently hatched octopus paralarvae (negative
control); Lane 8: 100 bp molecular marker.
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to 2.5 times larger than their own size, more than twice the size
previously observed under experimental conditions.
The length of A. franciscana used for rearing O. vulgaris hatchl-
ings ranged from 1.1 to 2 mm (Imamura, 1990; Hamazaki et al.,
1991). Iglesias et al. (2006), comparing two sizes of Artemia (0.8
and 1.4 mm TL), reported that octopus hatchlings showed a pre-
ference for large Artemia, representing nearly 50% of octopus TL.
Octopus hatchlings used in rearing experiments captured live
decapod crustacean zoeae ranging from 1.3 to 3.4 mm, represent-
ing 45–118% of octopus TL (Itami et al., 1963; Villanueva, 1995;
Carrasco et al., 2003, 2006; Iglesias et al., 2004; Villanueva and
Norman, 2008).
It was of note that in every PCR where Artemia DNA was
present, the bands were of low intensity, despite all the optimiz-
ation experiments carried out. Therefore, it seems unlikely that
PCR conditions were responsible for the low yields obtained
when amplifying A. franciscana. A remarkable fact suggesting
that something in the Artemia DNA extract interferes with the
PCR is the reduced yield found in those PCRs where Artemia
DNA was present. As is clear from Figure 1, band intensity
decreases as the quantity of Artemia present increases. Given
that all the samples have the same quantity of template DNA
and were subjected to the same PCR conditions, this result
suggests the presence of PCR-inhibitory substances derived from
A. franciscana extract. Several studies have detected
PCR-inhibitory substances when working with animal faeces
(Kohn et al., 1995) or soil organisms (Juen and Traugott, 2006).
However, the tools used in these earlier works to overcome PCR
inhibition, such as BSA, were applied in this study with no signifi-
cant improvement.
Interaction between Artemia-derived PCR inhibitors and the
low quantities of this prey inside O. vulgaris paralarvae rendered
impossible the direct detection of A. franciscana in the nuclear
extract of the paralarvae that fed on them. Even when the quantity
of template (nuclear extract of Artemia-fed paralarvae) was
increased, no positive results were obtained. This false negative
result, a problem in many DNA-based techniques for prey detec-
tion, would lead to spurious conclusions in field situations. Juen
and Traugott (2006) solved this problem by adding BSA to the
PCR mix, precluding PCR inhibition and detecting prey within
carabids.
A problem associated with the use of molecular methods in diet
identification is the low concentration of target DNA. In this
regard, the use of mitochondrial genes such as COI should be
advantageous compared with nuclear genes, owing to the large
number of copies of mtDNA in each cell. However, the number
of Artemia COI copies inside the paralarvae was not high
enough to be detected using standard PCR. To improve the detec-
tion of Artemia, a nested PCR approach was required. Primary
enrichment PCR conducted using the universal COI primers
amplified the small number of A. franciscana COI genes
present inside the paralarval gut contents. The secondary
A. franciscana-specific PCR carried out with primers ArteCOIf/
ArteCOIr enabled us to detect the sequence of A. franciscana.
This nested approach has been successfully applied before where
low concentrations of target DNA were present, e.g. for specific
detection of Mycoplasma mycoides (Miserez et al., 1997) or for
detecting Asterias larvae in ballast water (Deagle et al., 2003).
The difficulties involved in visually examining the gut contents
of cephalopod paralarvae as a result of their ingestion behaviour
(Herna´ndez-Garcı´a et al., 2000) mean that few reports exist of
the diet of cephalopod paralarvae in the wild (Passarella and
Hopkins, 1991; Vecchione, 1991; Vidal and Haimovici, 1998;
Song et al., 2009). An external digestion process together with a
strong digestive ability in O. vulgaris paralarvae has thus far
impeded our understanding of their diet in the wild. We are cur-
rently investigating the diet of wild O. vulgaris paralarvae using
molecular markers that target prey and avoid the amplification
of paralarval DNA.
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 CAPÍTULO 2 
Identificación molecular de presas en paralarvas salvajes de Octopus 
vulgaris 
Álvaro Roura, Ángel F. González, Kevin Redd, Ángel Guerra 
 
 
 En este trabajo se intenta resolver la ecología trófica de las paralarvas de 
Octopus vulgaris capturadas en la Ría de Vigo (42º12.8’N, 9ºW) usando métodos 
morfológicos y moleculares. Sin embargo, la identificación morfológica de contenidos 
estomacales fue imposible ya que las larvas digieren externamente a las presas con un 
coctail enzimático y luego se las beben dejando únicamente el exoesqueleto. Por ello, se 
puso a punto un método genético con primers específicos de grupo para identificar 
presas en O. vulgaris de menos de 10 días de edad. Se eligió una región del gen 
mitocondrial de la subunidad ribosómica 16S para diseñar los primers específicos de 
grupo, con la intención de amplificar un amplio rango de crustáceos y larvas de pez pero 
sin amplificar el ADN de las paralarvas. Estos primers detectaron con éxito el ADN de 
20 presas usando una técnica de PCR semi anidada y posterior clonación que permitiera 
aislaar las distintas presas. Estas presas fueron identificadas por homología contra bases 
de datos genéticas (GenBank). En conjunto, el análisis filogenético de las presas 
ingeridas reveló 12 familias de crustáceos (11 pertenecientes al orden decapoda y una al 
orden eufausiacea) y dos familias de peces (gobiidae y carangidae). La amplitud de 
nicho trófico de las paralarvas de O. vulgaris fue baja, de acuerdo al índice de 
Czekanowski obtenido (CI=0.13), revelando que estas paralarvas son depredadores muy 
especialistas, al menos durante las primeras semanas de su ciclo vital. Es la primera vez 
que se conocen las presas de O. vulgaris durante su etapa planctónica. Este 
conocimiento puede ayudar a incrementar la supervivencia de las paralarvas de pulpo en 
cautividad, un objetivo activamente perseguido desde 1962, que hasta el momento está 
limitado básicamente por una dieta inadecuada.  
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Abstract The trophic ecology of Octopus vulgaris para-
larvae collected in 2008 off the Rı´a de Vigo, NW Spain
(42 12.800 N–9 00.000 W), was approached by both
morphological and molecular methods. External digestion
of prey and posterior suction of the liquefied contents by
wild O. vulgaris paralarvae made the morphological
identification of gut contents impossible. Thus, a PCR-
based method using group-specific primers was selected to
identify prey consumed by O. vulgaris paralarvae in the
pelagic realm. The mitochondrial ribosomal 16S gene
region was chosen for designing group-specific primers,
which targeted a broad range of crustaceans and fishes but
avoided the amplification of predator DNA. These primers
successfully amplified DNA of prey by using a semi-nested
PCR-based approach and posterior cloning. Homology
search and phylogenetic analysis were then conducted with
the 20 different operational taxonomic units obtained to
identify the putative organisms ingested. The phylogenetic
analysis clustered ingested prey into 12 families of crus-
taceans (11 belonging to the order Decapoda and 1 to the
order Euphausiacea) and two families of fishes (Gobiidae
and Carangidae). According to the Czekanowski’s Index
(CI), the trophic niche breadth of O. vulgaris paralarvae is
low (CI = 0.13), which means that these paralarvae are
specialist predators at least during the first weeks of their
life cycle. It is the first time that natural prey has been
identified in O. vulgaris paralarvae collected from the wild,
and such knowledge may be critical to increasing the sur-
vival of O. vulgaris hatchlings in captivity, a goal that has
been actively pursued since the 1960s by aquaculture
researchers.
Introduction
Dietary analysis in cephalopods is hampered by problems
arising from the anatomy, physiology and mode of inges-
tion (Rodhouse and Nigmatullin 1996) of these organisms.
The oesophagus diameter is limited physically as it passes
through the brain, so the cephalopod beak bites small
pieces of tissue to swallow. Rapid digestion rates in the
stomach result in short residence times (2–6 h), making the
prey remains visually unidentifiable (Altman and Nixon
1970; Andrews and Tansey 1983; Nixon 1985). The mode
of prey ingestion can be internal, by biting with the beak, or
external, where salivary enzymes paralyse and digest the
flesh followed by the ingestion of the liquefied content
(Nixon 1984; Guerra and Nixon 1987; Boucher-Rodoni
et al. 1987). These specialised feeding strategies largely
avoid the ingestion of hard skeletal material and tend to
bias data on both prey species and size when morpholog-
ical analysis is used (Nixon 1985).
Cephalopods are known to be highly versatile predators
with opportunistic predation behaviours (reviewed in
Rodhouse and Nigmatullin 1996). While numerous works
have focused on the trophic role of adults (Nixon 1987;
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Rasero et al. 1996; Rodhouse and Nigmatullin 1996), the
knowledge of diet in wild paralarvae is scarce due to the
small size of this life history stage. A few attempts made to
clarify the diet showed that paralarvae are mainly gener-
alist feeders preying primarily on crustaceans, as observed
by visual analysis by Passarella and Hopkins (1991) and
Vecchione (1991). Further visual analysis made by Vidal
and Haimovici (1998) showed that 11.4 % of ommastrep-
hid squid paralarvae contained copepod appendages.
Additionally, Venter et al. (1999) developed an immuno-
assay that detected copepods, euphausiaciids and poly-
chaetes in the gut of six Loligo reynaudii paralarvae.
While some squid and cuttlefish paralarvae preying on
pelagic crustaceans ingest exoskeleton pieces, thus allow-
ing morphological analysis (Vecchione 1991; Passarella
and Hopkins 1991; Vidal and Haimovici 1998), the exter-
nal digestion exhibited in octopod paralarvae hatchlings
rejects the entire crustacean zoeae exoskeleton, therefore
preventing morphological analysis of the dietary items
(Herna´ndez-Garcı´a et al. 2000). Occasionally, the presence
of thoracic appendages has been observed in the stomach
of Octopus vulgaris hatchlings fed on Artemia under lab-
oratory conditions, because Artemia has a thinner exo-
skeleton than other crustacean zoeae (Iglesias et al. 2006).
Octopus vulgaris is a generalist predator as both a
juvenile and an adult, feeding upon a variety of organisms
mainly within the class Crustacea, but also Gastropoda,
Lamellibranchiata, Osteichthyes, Ophiuroidea, Polychaeta
and Cephalopoda (Nigmatullin and Ostapenko 1976;
Guerra 1978; Smale and Buchan 1981; Nixon 1987;
Mather 1991). The industrial rearing of this octopus species
has been hampered by the high mortality during the pelagic
stage, despite the broad range of experimental diets assayed
throughout the past sixty years (reviewed in Iglesias et al.
2007). Although some authors have hypothesised that
O. vulgaris prey upon crustaceans during the planktonic
stage (Mangold and Boletzky 1973; Nixon 1985; Rodhouse
and Nigmatullin 1996; Villanueva and Norman 2008),
the feeding habits of wild O. vulgaris paralarvae are still
unknown.
The trophic ecology of O. vulgaris paralarvae was
tackled using both morphological and molecular methods,
which have been shown to provide a comprehensive
understanding of both invertebrate and vertebrate diets
(Casper et al. 2007; Deagle et al. 2007, 2010; Braley et al.
2010). Given that Artemia was successfully detected in a
single O. vulgaris paralarvae reared in laboratory by using
species-specific primers (Roura et al. 2010), the next step
involved developing a molecular technique to detect the
natural prey of wild paralarvae. This approach requires
a priori knowledge of the fauna that coexists with para-
larvae in the zooplankton. Hence, ten surveys were
undertaken in the Rı´a de Vigo, a region of coastal
upwelling off NW Spain (Otero et al. 2009), to obtain wild
paralarvae as well as relative abundances of the different
zooplankton species present in the area. Due to the enor-
mous variety of suitable prey species in the zooplankton
community, neither the species-specific primer approach
(King et al. 2008) nor the serological methods (Boyle et al.
1986; Venter et al. 1999) would be practical to identify
prey. Therefore, we developed a technique to amplify
small, multi-copy DNA fragments with universal primers
for the 16S rRNA gene (Simon et al. 1994) in conjunction
with group-specific primers, designed within this gene, that
anneal to short target templates of potential prey items
(Deagle et al. 2005, 2007, 2009, 2010; Braley et al. 2010).
The group-specific primers were designed to amplify a
wide range of crustaceans and fishes, likely the most suit-
able prey of wild O. vulgaris paralarvae, based upon
reports that the feeding habits of cephalopods shift from
crustacean feeders during early stages (Vecchione 1991;
Vidal and Haimovici 1998; Venter et al. 1999) towards
piscivory in juvenile and adult stages (Passarella and
Hopkins 1991; Rasero et al. 1996).
The aim of this work was to identify natural prey of
O. vulgaris paralarvae collected in the wild, using both
morphological and molecular methods. Additionally, trophic
selectivity of the paralarvae was addressed by comparing
the composition of the zooplankton community they
inhabit with the prey detected, under the assumption that
cephalopod paralarvae are generalist predators. This
molecular method is also immediately transferable to other
oceanographic predator/prey scenarios as well as to other
dietary studies on cephalopod paralarvae.
Methods
Sample collection, morphologic analysis and DNA
extraction
Ten surveys to collect zooplankton and hydrographical
data were undertaken at night during July and September–
October 2008 in the Rı´a de Vigo, NW Spain (42 12.800 N–
09 00.000 W), onboard RV ‘‘Mytilus’’. Biological sam-
pling consisted of four transects as in Gonza´lez et al.
(2005); three located outside the Cies Islands and one
inside the Rı´a de Vigo (T2, T3, T4 and T5) parallel to the
coast following an onshore–offshore depth gradient with an
average depth of 26, 68, 85 and 110 m, respectively. On
each transect, two double-oblique trawls were deployed,
one at the surface and one near the bottom, using a 75-cm-
diameter bongo net equipped with 375-lm mesh and a
current meter. Zooplankton samples were fixed onboard
with 96 % ethanol and stored at -20 C. In the laboratory,
cephalopod paralarvae were separated and classified
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according to Sweeney et al. (1992) and our own reference
collections. Zooplankton composition and abundance were
estimated by Roura et al. (unpublished).
Morphological analyses of the gut contents were carried
out from two batches of eighteen randomly selected
O. vulgaris paralarvae, following two different procedures.
In the first batch, the digestive tracts were removed, and gut
contents were distributed in water on a microscope slide
and then examined under an inverted microscope at 1009
to 4009 magnification (Nikon Eclipse TS100) as in Pas-
sarella and Hopkins (1991). The second batch was prepared
for routine histological analysis by staining with haema-
toxylin–eosin and examined under a microscope at 1009 to
4009 magnification (Nikon Eclipse 80i).
Genetic analysis was carried out with eighteen O. vul-
garis paralarvae randomly sorted that were preserved in
70 % ethanol at -20 C. To avoid potential contaminants
from the body surface before DNA extraction, individual
paralarvae were washed with sterile distilled water, which
was recovered and used as a negative control (Suzuki et al.
2006). Paralarvae were then dissected, and their digestive
system was removed and placed into DNA-free tubes. All
dissections were performed in a UV-sterilised laminar flow
hood with flame-sterilised dissection tools to avoid con-
tamination. Gut and content DNA was extracted with a
QIAamp DNA Micro Kit (QIAGEN), using RNA carrier in
buffer AL. All steps followed manufacturer’s instructions,
with the exception of the 56 C digestion step that was
done overnight, and the final elution step was done in two
steps using 15 lL buffer AE in each elution.
Group-specific primer design
Group-specific primers were designed by obtaining 16S
rRNA sequences from GenBank (Benson et al. 2002)
corresponding to 30 taxonomically diverse crustaceans,
3 fishes, 2 echinoderms and 2 cephalopods (one of them
O. vulgaris), which are known to be present in the NE
Atlantic Ocean (Table 5, supplementary material). These
sequences were then aligned with MAFFT (Katoh et al.
2002). The software AMPLICON (Jarman 2004) was used
to identify conserved regions within the target group of
potential prey species, but with nucleotide mismatches at
the 30 end of the O. vulgaris forward primer sequence to
prevent its amplification (Deagle et al. 2007). Group-specific
primer specificity was tested by PCR using a gradient between
49 and 60 C on known template DNA from across the
Crustacea (the euphausiacid Nyctiphanes couchii, the crab
Necora puber, the squat lobster Galathea strigosa, the hermit
crab Anapagurus laevis, the prawn Palaemon longirostris,
the mysid Leptomysis gracilis and the copepod Calanus
helgolandicus), Chaetognata (Sagitta elegans) and O. vulgaris
(Table 1).
Genetic database of planktonic organisms
from the Rı´a de Vigo
To ensure the correct identification of sequences obtained
from the gut of O. vulgaris paralarvae, mtDNA16S sequences
were obtained from 25 species of crustaceans collected in the
zooplankton sampling done in the Rı´a de Vigo (Table 2). One
individual of each species was visually identified and washed
with distilled water to remove surface contaminants, and
DNA was extracted with the QIAamp DNA Micro Kit
(QIAGEN), eluting the DNA in ultrapure water.
Due to difficulties amplifying crustacean 16S rRNA,
PCR products were generated with different combinations
of the universal primers 16Sar-16Sbr (Simon et al. 1994)
and the designed group-specific primers 16Scruf-16Scrur
(Table 2). Copepod-specific primers 16Sca and 16Scb
(Braga et al. 1999) were needed to amplify a region
that is nested in the 16S rRNA universal fragment and
encompasses the sequence amplified with the designed
group-specific primers. Cycling conditions for the primers
16Sar-16Scrur and 16Scruf-16Sbr consisted of an initial
denaturation at 94 C for 2 min followed by 39 cycles of:
denaturation at 94 C for 30 s, annealing at 57 C for 35 s,
extension at 72 C for 40 s and a final step of 7 min at
72 C. Cycling conditions for copepod primers 16Sca-
16Scb consisted of an initial denaturation at 94 C for
2 min followed by 38 cycles of: denaturation at 94 C for
60 s, annealing at 50 C for 60 s, extension at 72 C
for 60 s and a final step of 7 min at 72 C.
All reactions were carried out in 25 lL, containing
10–100 ng of template, 2.5 lL 109 PCR buffer, 0.5 lL
dNTPs, 0.75 lL each primer and 0.025 U lL-1 Taq
polymerase (Roche). PCR amplifications were carried out
in a TGradient thermocycler (Biometra). Aerosol-resistant
Table 1 Primers used in the current study showing the sequence of forward and reverse primers, the annealing temperature of each primer and
the sizes of the amplified PCR products
Target taxon Forward primer (50–30) Reverse primer (50–30) Annealing
temperature (C)
Product
size (bp)
Universal 16Sar CGCCTGTTTATCAAAAACAT 16Sbr CCGGTCTGAACTCAGATCACGT 50 550–620
Eucarida 16Scruf GACGATAAGACCCTATAA 16Scrur CGCTGTTATCCCTAAAGTAA 57 194–204
Copepod 16Sca TGTTAAGGTAGCATAGTAAT 16Scb ATTCAACATCGAGGTCACAA 50 356–387
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pipette tips were used to set up all PCRs. Negative controls,
extraction controls and distilled water were included for
each set of PCR amplifications. An aliquot of 1.5 lL from
each PCR was quantified using Nanodrop 2000 spectro-
photometer (Thermo Scientific), then electrophoresed on
1.75 % agarose gel, stained with RedSafeTM (iNtRON
biotechnology) and scanned in a GelDoc XR documenta-
tion system (Bio-Rad Laboratories).
PCR products were purified with Exo-SAP (USB,
Affymetrix), and sequencing reactions were carried out with
an automated DNA sequencer (Applied Biosystems 3130),
using the BigDyeTerminator V3.1 Cycle Sequencing Kit
(Applied Biosystems) with forward primers. Chromato-
grams were examined using BioEdit Sequence Alignment
Editor version 7.0.9 (Ibis Biosciences). All sequences were
assessed for similarity using BLAST (Basic Local Align-
ment Search Tool) and were submitted to GenBank
(Accession numbers in Table 2).
Identification of prey: semi-nested PCR and cloning
Two sets of semi-nested PCR amplifications were per-
formed independently on the extracted DNA from the
digestive tract of each of the O. vulgaris paralarvae
(Fig. 1). In both sets, the first PCR was carried out with the
universal primer 16Sar plus a reverse group-specific primer
(16Scrur for crustaceans/fishes and 16Scb for copepods) to
increase the copies of prey DNA. The second PCR was
carried out using 1 lL of the first PCR as a template, with
Table 2 List of species
sequenced to create a 16S rRNA
library of zooplankton present
in the Rı´a de Vigo including
GenBank Accession numbers,
size of PCR amplicons in base
pairs and PCR primers used to
amplify each species
Accession number Species Taxon Length
(bp)
Primer set Homology
(%)
FR851238 Jaxea nocturna Thalassinidae 361 16Sar-16Scrur 99
FR851240 Callianasa subterranea Thalassinidae 365 16Sar-16Scrur 99
FR851239 Podon intermedius Cladocera 357 16Sar-16Scrur 99
FR682469 Nyctiphanes couchii Euphausiacea 356 16Sar-16Scrur 99
FR849634 Galathea strigosa Galatheidae 338 16Sar-16Scrur
FR682470 Pisidia longicornis Porcellanidae 380 16Sar-16Scrur
FR849633 Solenocera membranacea Penaeidae 367 16Sar-16Scrur
FR682471 Crangon crangon Crangonidae 371 16Sar-16Scrur
FR694622 Anapagurus laevis Paguridae 363 16Sar-16Scrur
FR849637 Cestopagurus timidus Paguridae 276 16Scruf-16Sbr
FR849651 Processa cf. nouveli Processidae 170 16scruf-16Scrur
FR849636 Leptomysis gracilis Mysidacea 198 16Scruf-16Sbr
FR849648 Calanus helgolandicus Copepoda 349 16Sca-16Scb 99
FR849642 Calanoides carinatus Copepoda 346 16Sca-16Scb
FR849638 Mesocalanus tenuicornis Copepoda 341 16Sca-16Scb
FR849639 Paraeuchaeta hebes Copepoda 340 16Sca-16Scb
FR849643 Paracalanus parvus Copepoda 365 16Sca-16Scb
FR849645 Pseudocalanus elongatus Copepoda 275 16Sca-16Scb
FR849646 Metridia lucens Copepoda 372 16Sca-16Scb 99
FR849641 Pleuromamma gracilis Copepoda 329 16Sca-16Scb
FR849650 Diaixis pygmaea Copepoda 206 16Sar-16Scb
FR849649 Acartia clausii Copepoda 323 16Sca-16Scb 96
FR849634 Clausocalanus sp. Copepoda 284 16Sca-16Scb
FR849640 Oithona sp. Copepoda 397 16Sca-16Scb
FR849647 Candacia armata Copepoda 350 16Sca-16Scb
Fig. 1 Diagram of the two semi-nested PCR undertaken on each
paralarvae, showing the prey targeted and the primers used on each
PCR
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forward and reverse group-specific primers for crustaceans/
fishes and copepods to amplify only prey DNA.
Cycling conditions for the primers 16Scruf-16Scrur
consisted of an initial denaturation at 94 C for 2 min
followed by 33 cycles of: denaturation at 94 C for 30 s,
annealing at 57 C for 35 s, extension at 72 C for 40 s and
a final step of 7 min at 72 C. Cycling conditions for
primers 16Sar-16Scb and subsequent 16Sca-16Scb are as
described above.
All reactions were carried out in 25 lL, containing
50 ng of template the first PCR and the semi-nested with
1 lL from the product of the first PCR, 2.5 lL 109 PCR
reaction buffer, 0.5 lL dNTPs, 0.3 lL MgCl2, 0.5 lL each
primer and 0.05 U lL-1 Taq polymerase (Roche).
Semi-nested PCR products from the digestive tract of
the O. vulgaris paralarvae obtained with group-specific
primers (16Scruf-16Scrur) and copepod-specific primers
(16Sca-16Scb) were ligated to a pCR 4-TOPO plasmid
vector for 15 min at room temperature and cloned using
TOPO TA Cloning kit (Invitrogen) with One Shot TOP10
chemically competent cells following the manufacturer’s
protocol. Plasmids were extracted from 10 colonies, when
possible, with the Quick Plasmid Miniprep Kit (Invitro-
gen). Insert size was checked by PCR with universal
vector-specific T7 and T3 primers and visualised by gel
electrophoresis. Sequencing was carried out on 200 ng of
plasmid DNA using primer T7.
Sequences recovered from clone libraries were edited
and were considered to be part of the same ‘‘operational
taxonomic unit’’ (OTU) if there was less than 1 %
sequence divergence, allowing for intra-specific variation
and Taq polymerase errors (Braley et al. 2010). OTUs were
compared to sequences found in GenBank using the
BLAST algorithm. A phylogenetic tree was constructed to
assign unknown sequences to the highest taxonomic level
and to verify the OTU identifications. The tree contained
all OTUs obtained from O. vulgaris with primers 16Scruf-
16Scrur, together with the five closest matches of each
OTU that were downloaded from GenBank. These
sequences were aligned using MAFFT v5.7 (Katoh et al.
2002) with default settings. A substitution model was
selected under the Akaike information criterion corrected
for short sequences (AICc, Akaike 1974) as implemented
in jModeltest (Posada 2008). The HKY ? c (Hasegawa
et al. 1985) model was chosen to infer the evolutionary
history by using the maximum likelihood (ML) method.
The analysis involved 79 nucleotide sequences with a total
of 164 positions in the final data set. Bootstrap probabilities
with 1,000 replications were calculated to assess reliability
on each node of the ML tree. Evolutionary analyses were
conducted in MEGA5 (Tamura et al. 2011). If sequence
similarity displayed in the BLAST was \98 %, identifi-
cation of the OTUs was restricted to the highest taxonomic
lineage supported by bootstrap probabilities higher than
70 % in the consensus tree.
Trophic niche breadth was calculated using Czeka-
nowski’s Index (CI) with the formula:
CI ¼ 1  0:5 Ri pi  qij j
where pi is the proportion of resource item i out of all items
eaten by the paralarvae and qi is the proportion of item i in
the zooplankton available to the paralarvae (Feinsinger
et al. 1981). Values of CI range from 1 for the broadest
possible niche (a population uses resources in proportion to
their availability) to [min qi] for the narrowest possible
niche (a population is specialised exclusively on the rarest
resource).
Results
Octopus vulgaris paralarvae and morphological
analysis of the digestive tracts
All specimens used for morphological and genetic analysis
were early hatchlings of less than 10 days according to the
size (1.28–2.05 mm dorsal mantle length), and each par-
alarva had 3 suckers per arm (Villanueva 1995). Visual
identification of the gut contents was inconclusive, because
no solid remains were found. Histological sections made to
the digestive tract also revealed empty digestive tracts
(Fig. 2a) with the exception of two stomachs that were
filled with liquefied material that was impossible to identify
(Fig. 2b).
Group-specific primers and genetic database
PCR tests using the designed group-specific primers yiel-
ded a target band of the expected fragment size in all the
crustaceans and chaetognat tested. However, copepods
yielded only faint bands that did not correspond to copepod
DNA when sequenced, so we decided to use the copepod-
specific primers (Braga et al. 1999) in conjunction with the
designed group-specific primers for dietary analysis and for
submissions to the genetic database. No PCR products
were obtained at any annealing temperature when O. vul-
garis DNA was used as template. All sequences obtained
from the zooplankton collected from the Rı´a de Vigo were
submitted to GenBank (Accession numbers in Table 2).
Identification of preys in paralarvae by cloning
All octopus digestive tracts yielded amplifiable DNA when
PCR was performed with the designed group-specific
primers 16Scruf-16Scrur. Although we intended to
sequence 10 colonies per larva, some samples did not yield
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the minimum number of colonies (Table 3). Overall, a total
of 122 clones were sequenced, and 115 readable sequences
were obtained. All sequences corresponded to prey species,
with 114 clones corresponding to the semi-nested PCR
band (16Scruf-16Scrur) and 1 clone corresponding to the
first PCR (16Sar-16Scruf) identified as Trachurus trachu-
rus (OTU 19, Table 3).
Cloning of the amplicons obtained with copepod-specific
primers 16Sca-16Scb in O. vulgaris gut contents resulted in
135 colonies, but all the sequences obtained from 125
readable clones corresponded to O. vulgaris except one that
amplified the DNA of A. laevis (OTU 13, Table 3).
Prey detected consisted of 20 different OTUs with
between 1 and 5 different OTUs per paralarva (Table 3).
Eight OTUs were assigned to species with 78 clones dis-
playing 100 % similarity, and 1 clone displaying 98 %
similarity to sequences from GenBank. Six OTUs showed
similarities higher than 90 % (13 clones): three were
assigned to genus (94–95 %), two to a subfamily (Gobiinae
93 and 92 %) and the last one to a family (Goneplacidae,
90 %). The remaining four OTUs, corresponding to 22
clones, displayed between 76 and 81 % similarities and
were assigned to the familial level on the basis of their
supported topographical position on the bootstrap consen-
sus tree (Table 3; Fig. 3).
Summarising, prey detected in O. vulgaris consisted
mainly of crustaceans that accounted for 97.4 % of the
clones detected and the remaining 2.6 % corresponded to
fishes (Table 4). Three taxa accounted for 95 % of the
clones: prawns (37.1 %), crabs (37.1 %) and krill (19.8 %).
When considering the importance of these groups in the
diet of O. vulgaris, it is remarkable that prawns and crabs
are the most common prey species, detected in 14 and 12
paralarvae out of 18, respectively (Table 4). In spite of the
high number of krill clones, these corresponded to only
three paralarvae. The rest of the taxa were detected in only
three paralarvae, or in just one in the case of the Thalas-
sinidae. According to the CI, the trophic niche breadth is
low (0.13), indicating that O. vulgaris paralarvae are spe-
cialist predators. All OTUs were submitted to GenBank,
accession numbers in Table 3.
Discussion
This is the first time that prey items have been identified in
O. vulgaris paralarvae collected in the wild. This was
approached by using two morphological techniques: visual
analysis of the digestive tracts and histological sections, as
well as one molecular technique using group-specific
primers. Although the combined approach of morphologi-
cal and molecular methods has been documented as a more
comprehensive way to understand the diet of both verte-
brates and invertebrates (Casper et al. 2007; Deagle et al.
2007, 2010; Braley et al. 2010), only the molecular method
succeeded identifying prey in O. vulgaris paralarvae. The
small size of the paralarvae, the limitation of the oesoph-
agus diameter, the high digestion rates and the external
digestion (Nixon 1985; Parra et al. 2000; Herna´ndez-
Garcı´a et al. 2000) made it impossible to carry out morpho-
logical analyses of prey in O. vulgaris paralarvae during their
first days of life in the pelagic realm.
The advantage of molecular methods is that when
morphological methods were ineffective, that is, digestive
tract is empty or filled with unidentifiable remains, prey
cells with sufficient DNA to be detected by PCR are able to
Fig. 2 Histological sections of O. vulgaris paralarvae stained with
haematoxylin–eosin showing (a) an empty stomach and (b) a stomach
filled with undefined material (asterisk) impossible to recognise.
Abbreviations, br brain, di gl digestive gland, oe oesophagus, ra
radula, st stomach, su sucker. Scale bars 100 nm
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Fig. 3 Maximum likelihood tree for affiliating 18 operational
taxonomic units (OTUs) obtained from the digestive tract O. vulgaris
paralarvae. OTUs obtained from the digestive tract are shown in bold.
Eukaryotic rRNA sequences obtained by the BLAST searches are in
italics with accession numbers. Only bootstrap probabilities higher
than 60 after 1,000 replications are shown in the branches
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be recovered (King et al. 2008). The main obstacle in
employing molecular techniques in small animals is dis-
tinguishing prey DNA among the overall volume of host
DNA (Symondson 2002). To overcome this obstacle, we
designed group-specific primers within the 16S rRNA
region for crustaceans and fishes, which selectively avoi-
ded amplification of O. vulgaris DNA. Other studies
previously used this region of the 16S rRNA to design
group-specific primers for dietary purposes (Deagle et al.
2005, 2007, 2009; Braley et al. 2010). Braley et al. (2010)
designed a reverse group-specific primer for crustaceans
used in conjunction with the universal 16Sar, but only 11 of
184 PCR attempts produced successful amplifications of
krill and shrimp. In contrast, the group-specific primers
designed in this study effectively amplified DNA, both
alone and in conjunction with the universal 16Sar-16Sbr,
from a wide range of crustacean taxa: cladocerans, crabs,
prawns, thalassinids, krill, hermit crabs, porcellanids,
carideans (Palaemonidae, Crangonidae and Alpheidae),
mysids as well as fishes.
The unexpected failure to amplify copepod DNA is a
potential consequence of using group-specific primers
(Jarman et al. 2004; Deagle et al. 2005, 2007; Braley et al.
2010), which have been designed to exclude from ampli-
fication O. vulgaris DNA. For this reason, PCR had to be
run with the copepod-specific primers 16Sca-16Scb (Braga
et al. 1999) both in copepods and in octopus paralarvae.
These primers effectively amplified copepod DNA for the
genetic library (Table 2), however, failed to amplify
copepod DNA from the digestive tract of O. vulgaris
paralarvae. This suggests that early hatchlings of O. vul-
garis do not eat copepods, despite their presence as one of
the main zooplankton taxa (Table 4) and being the most
common prey in previous studies undertaken with other
cephalopod paralarvae (Passarella and Hopkins 1991;
Vecchione 1991; Vidal and Haimovici 1998; Venter et al.
1999). Nonetheless, the erratic movements and the extre-
mely fast escape responses that copepods display (Yen and
Fields 1992) potentially pose a challenge for the early
O. vulgaris hatchlings when compared with the predictable
Table 4 Composition of the
zooplankton community during
the study expressed as the
percentage of each taxon to the
total abundance and the diet in
O. vulgaris paralarvae by the
number and percentage of
clones corresponding to a given
taxon and the number of
paralarvae where those taxa
were detected
Phyla Taxon Wild zooplankton
abundance (%)
Clones detected and
percentage (%)
Number of
paralarvae
Crustacea Euphausiacea 27.8765 23 (19.8) 3
Echinodermata Ofiuroidea 20.3526
Crustacea Copepoda 19.0708
Chordata Thaliacea 15.2601
Crustacea Cirripeda 3.9272
Chaetognatha Sagittidae 2.7184
Crustacea Cladocera 2.2304
Crustacea Anomura 2.1644 3 (2.6) 3
Crustacea Brachyura 1.8174 43 (37.1) 12
Cnidaria Cnidaria 1.5349
Echinodermata Equinoidea 1.2949
Mollusca Gastropoda 0.8575
Crustacea Caridea 0.2777 43 (37.1) 14
Chordata Teleostei 0.2518 3 (2.6) 3
Crustacea Misidacea 0.2352
Crustacea Amphipoda 0.0297
Platemintha Turbellaria 0.0215
Annelida Polychaeta 0.0203
Mollusca Bivalvia 0.0144
Briozoa Ciphonaute 0.0126
Crustacea Cumacea 0.0088
Crustacea Thalassinoidea 0.0084 1 (0.9) 1
Crustacea Stomatopoda 0.0068
Crustacea Dendrobranchiata 0.0030
Crustacea Isopoda 0.0018
Mollusca Cephalopoda 0.0016
Cephalochordata Branchiostomidae 0.0009
Crustacea Ostracoda 0.0007
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swimming behaviour of crab and prawn zoeae or krill
calyptopis. Indeed, Chen et al. (1996) found in Loligo
opalescens paralarvae that copepod capture is a skill
acquired in an experience-dependent manner during the
post-hatchling stage.
In the current study, seven OTUs (29 clones) could not
be identified to species or genus because no similar
sequences were present in GenBank. Phylogenetic relat-
edness was used to assign the unidentified sequences to the
highest taxonomic lineage based on the bootstrap values of
the consensus tree nodes. This reflects the difficulty when
working with the diet of an expected generalist predator,
due to the limited sequence information available to target
the large diversity of potential prey taxa (Blankenship and
Yayanos 2005; Suzuki et al. 2006, 2008). A prerequisite for
resolving the diet of any predator living in such a complex
environment is the extensive characterisation of the system
(Sheppard and Harwood 2005; King et al. 2008). In this
work, five sequences that were submitted to GenBank from
zooplankton species found in the Rı´a de Vigo were
detected in the gut of the paralarvae, which highlights the
importance of an appropriate genetic database to obtain the
highest level of identification and to reduce the uncertainty
of any species identification.
While previous works on cephalopod paralarvae diet
found that paralarvae are generalist predators, prey species
detected in early hatchlings of O. vulgaris suggest that they
are actually specialist predators according to the CI
obtained (0.13). Among the crustaceans, the group that
primarily contribute to the total abundance of zooplankton
in the Rı´a de Vigo are krill, or Euphausiacea, which were
only detected in three paralarvae (Table 4). By contrast, all
the paralarvae analysed ate some Decapoda, which include
Brachyura (crabs), Caridea (shrimps), Anomura (hermit
crabs) and Thalassinidea (mud shrimps), despite their much
smaller contribution to the total abundance of zooplankton,
which was less than 4.26 % (Table 4). In fact, the trophic
selection is quite evident for carideans, which were the
most abundant prey present in 14 out of 18 O. vulgaris
paralarvae, but whose contribution to the total zooplankton
abundance was only 0.28 %.
The specialist trophic strategy during the first days in the
pelagic ecosystem could be a consequence of a lack of
skills to capture fast-moving and more abundant prey, as
proved in paralarvae of L. opalescens (Chen et al. 1996).
As it occurs in the former species, an ontogenic switch into
a generalist predation strategy would be expected as the
O. vulgaris paralarvae grow and gain experience, but further
research is needed to test this hypothesis. On the other
hand, if paralarvae were truly specialists throughout the
planktonic phase, this might explain the high mortality of
O. vulgaris hatchlings both under culture and in the wild,
due to prolonged starvation periods (Vecchione 1991).
In conclusion, up to 20 prey species have been detected in
O. vulgaris paralarvae obtained from the wild with a PCR-
based method. This is the first successful attempt to unravel
the complex trophic interactions that occur in the pelagic
ecosystem for O. vulgaris paralarvae. Based on the prey
species detected and their relative abundances in the zoo-
plankton, O. vulgaris paralarvae can be considered specialist
predators during their first days of life in the pelagic eco-
system. Such knowledge can be critical to solving the pri-
mary problems associated with the integral culture of this
species, which is the low survival of the paralarvae likely due
to inadequacy of food supplied (Iglesias et al. 2007). Further
effort will progress in this direction to enhance the knowl-
edge of this species during its planktonic phase.
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 CAPÍTULO 3 
Variabilidad espacial y temporal de las comunidades de zooplancton 
en un sistema de afloramiento (NO España) 
Álvaro Roura, Xosé A. Álvarez-Salgado, Ángel F. González, María Gregori, Gabriel 
Rosón, Ángel Guerra 
 
En este trabajo se analiza la variabilidad espacial y temporal de corta escala de 
las comunidades de mesozooplancton presentes en el sitema de floramiento costero de 
la Ría de Vigo (NO España) durante el verano y el otoño. Se identificaron tres 
comunidades bien diferenciadas: costera, de frente y oceánica, de acuerdo a su creciente 
relación entre holoplancton y meroplancton, así como su decreciente riqueza y 
abundacia. Los muestreos de verano se hicieron bajo condiciones de hundimiento-
relajación mientras que los muestreos de otoño coincidieron con episodios de 
afloramiento. Las comunidades cambiaron de verano a otoño, coincidiendo con el 
cambio en las condiciones oceanográficas, así como a cambios en los ciclos de vida de 
las especies. Se determinó en qué medida el medio explicaba la variabilidad encontrada 
en el mesozooplancton, empleando modelos lineares basados en distancias entre la 
matriz de similitud del mesozooplancton y las matrices de similitudes meteorológicas, 
hidrográficas y biológicas. Así se determinó que los distintos aspectos dem ambiente 
explicaban la variabilidad encontrada en un 6%, 16.1% y 54.5%, respectivamente. Se 
desarrolló un modelo simplificado de 5 variables, que en conjunto explicaban el 64% de 
la variabilidad encontrada en la matriz de similitudes del mesozooplancton: la relación 
holoplancton/meroplancton, la abundancia total, las distintas fases de la luna, el índice 
de afloramiento y la riqueza de especies. En concreto, la relación 
holoplancton/meroplankton es la que mejor describe el gradiente costa-océano 
observado, explicando hasta un 39.6% de la variabilidad total. Las comunidades de 
zooplancton descritas en la Ría de Vigo mantuvieron su integridad, pese al ambiente 
fuertemente advectivo ocasionado por los episodios de afloramiento y hundimiento, 
presumiblemente debido a cambios comportamentales relacionados con su posición 
vertical.  
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a b s t r a c t
The short-term, meso-scale variability of the mesozooplankton community present in the coastal upwell-
ing system of the Ría de Vigo (NW Spain) has been analysed. Three well-deﬁned communities were iden-
tiﬁed: coastal, frontal and oceanic, according to their holoplankton–meroplankton ratio, richness, and
total abundance. These communities changed from summer to autumn due to a shift from downwelling
to upwelling-favourable conditions coupled with taxa dependent changes in life strategies. Relationships
between the resemblance matrix of mesozooplankton and the resemblance matrices of meteorologic,
hydrographic and community-derived biotic variables were determined with distance-based linear mod-
els (DistLM, 18 variables), showing an increasing amount of explained variability of 6%, 16.1% and 54.5%,
respectively. A simpliﬁed model revealed that the variability found in the resemblance matrix of meso-
zooplankton was mainly described by the holoplankton–meroplankton ratio, the total abundance, the
inﬂuence of lunar cycles, the upwelling index and the richness; altogether accounting for 64% of the total
variability. The largest variability of the mesozooplankton resemblance matrix (39.6%) is accounted by
the holoplankton–meroplankton ratio, a simple index that describes appropriately the coastal–ocean gra-
dient. The communities described herein kept their integrity in the studied upwelling and downwelling
episodes in spite of the highly advective environment off the Ría de Vigo, presumably due to behavioural
changes in the vertical position of the zooplankton.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Mesozooplankton (0.2–20 mm) are key components in coastal
ecosystems; they link the microbial food web to the classic food
chain by feeding on microzooplankton (20–200 lm), which are
considered the top predators of microbial food webs (Sherr and
Sherr, 2002; Calvet and Saiz, 2005). The importance of mesozoo-
plankton is more remarkable in coastal upwelling areas, where pri-
mary production is increased by wind-driven currents that bring
nutrient-rich subsurface water up into the photic layer (Bode
et al., 2003a). Speciﬁcally, averaged daily grazing impact on the
chlorophyll standing stock by mesozooplankton grazers has been
estimated to be 11.7% in the California upwelling system (range
6–18%, Landry et al., 1994), and 6% of primary production in the
Galician upwelling (range 2–39%, Bode et al., 2003a).
Galicia (NW Iberian Peninsula, Fig. 1) is at the northern limit of
one of the four major eastern boundary upwelling systems of the
world ocean (Arístegui et al., 2006). From March–April to
September–October, north-easterly winds predominate in the Ibe-
rian basin producing coastal upwelling. The rest of the year, the
prevailing south-westerly winds produce coastal downwelling.
This seasonal cycle explains only about 10% of the variability of
the wind regime, whereas >70% of the variability concentrates on
periods of 10–20 days (Blanton et al., 1987; Álvarez-Salgado
et al., 2002). The hydrographic variability during the upwelling
season is coupled with changes in bacteria, phytoplankton, and
zooplankton biomasses delayed on the order of a day, days, and
weeks, respectively (Tenore et al., 1995).
All physical and biological processes operate at some preferen-
tial spatial and temporal scales, generating a multiscale variability
in zooplankton communities (Levin, 1992; Clarke and Ainsworth,
1993). In this context, several works have dealt with zooplankton
variability in N and NW Spain. Short-term (less than 1 month) scale
changes were studied during upwelling or downwelling events at
ﬁxed stations (Valdés et al., 1990; Fusté and Gili, 1991; Tenore
et al., 1995; Morgado et al., 2003; Blanco-Bercial et al., 2006;
Marques et al., 2006), as well as following the upwelled water
through lagrangian experiments (Batten et al., 2001; Halvorsen
et al., 2001; Isla and Anadón, 2004). Stable isotopes in mesozoo-
plankton were used to infer the pelagic food web in the Galician
coast during spring (Bode et al., 2003b). Interannual variability in
0079-6611/$ - see front matter  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.pocean.2012.09.003
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mesozooplankton abundance and biomass has been determined at
two ﬁxed stations off A Coruña (Bode et al., 1998, 2003a, 2004). Fi-
nally, surveys carried out monthly by the Instituto Español de
Oceanografía (IEO) since 1987 allowed studying long-term trends
in the zooplankton communities off NW and N Spain addressing
their link with global warming (Valdés et al., 2007; Bode et al.,
2009). However, these studies dealt mainly with zooplankton
biomass and abundance, and did not consider the community
structure.
The Ría de Vigo is a highly dynamic area, which is among the
most productive oceanic regions in the world (Blanton et al.,
1987). The main driving forces modulating the residual circulation
of the Ría de Vigo are the local and shelf winds (Souto et al., 2003),
affecting the composition and abundance of phytoplankton
(Nogueira et al., 2000; Cermeño et al., 2006; Crespo et al., 2006),
microzooplankton (Teixeira et al., 2011) and ichthyoplankton
(Ferreiro and Labarta, 1988; Riveiro et al., 2004). However, most
of the studies dealing with mesozooplankton were centred in the
adjacent shelf waters (Valdés et al., 1990; Fusté and Gili, 1991;
Tenore et al., 1995; Isla and Anadón, 2004; Blanco-Bercial et al.,
2006; Bode et al., 2009) except Valdés et al. (2007), who studied
long-term trends of zooplankton abundance and biomass east
and west of the Cies Islands, at the mouth of the Ría de Vigo
(Fig. 1). Nonetheless, there is a lack of studies that characterise
mesozooplankton communities inside and outside the Ría de Vigo.
So, the aim of this work is to analyse the mesozooplankton vari-
ability characterising spatially and temporally the community
structure in the Ría de Vigo. Furthermore, we aimed to understand
how the physical forcing and environmental variables constrain
the integrity of these communities.
2. Materials and methods
Ten surveys to collect zooplankton and hydrographic data were
undertaken in the Ría de Vigo (NW Spain, Fig. 1) onboard RV ‘‘Myti-
lus’’, in the summer (2, 4, 9 and 11 July) and autumn (26 Septem-
ber, 1, 3, 9, 10 and 14 October) of 2008. We focused the sampling
effort on these periods because they match with the maximum in
mesozooplankton biomass (Otero et al., 2008). Each survey was
carried out at night in four transects (T2, T3, T4 and T5) parallel
to the coast following an onshore–offshore depth gradient with
average water depths of 26, 68, 85 and 110 m, respectively. A
Seabird 9/11 CTD equipped with a WetLabs ECOFL ﬂuorometer
and a Seatech transmissometer, was deployed at the southern
part of each transect to obtain vertical proﬁles of temperature
(T), salinity (Salt), chlorophyll-a ﬂuorescence (Chl-a), dissolved
oxygen and stability of the water column (Stab), calculated as
the square of the Brunt-Väisälä frequency. Dissolved oxygen was
subtracted from oxygen saturation to obtain the apparent oxygen
utilization (AOU), a proxy for the trophic status of the column:
positive values indicate net heterotrophy and negative values net
autotrophy.
2.1. Plankton sampling
Mesozooplankton samples were collected with a 750 mm diam-
eter bongo net of 375 lmmesh, equipped with a mechanical ﬂow-
meter. The mesh size selected was the same as in Otero et al.
(2009) to standardize the plankton sampling in the Ría de Vigo.
Two samples per transect were collected at a ship speed of 2 knots.
The bongo net was ﬁrst lowered and stabilised near the bottom for
a period of 2 min and subsequently hauled up at 0.5 m s1. Then, it
was cleaned onboard and towed in the surface layer during 5 min.
Towing times were so short due to the extraordinary abundance of
salps. Samples collected near the bottom were considered as inte-
grated water-column samples, because bongo nets spent more
time throughout the water column than near the bottom. Plankton
samples were ﬁxed with 96% ethanol and stored at 20 C and
stored at 20 C for dietary analysis (Roura et al., 2012).
Salps were counted and removed manually from most samples
(200,371 salps) and, then, each sample was divided into an amount
suitable for examination using a Folsom splitter (Omori and Ikeda,
1984). The subsample was made up to 300 ml, several aliquots of
3 ml were obtained with a Stempel pipette, then identiﬁed and
Fig. 1. Sampling area showing the transects where mesozooplankton samples were collected and CTD casts marked with an asterisk (Ría de Vigo, NE Atlantic Ocean), as well
as the location of the Silleiro and Rande observatories on the inset.
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counted until at least 500 individuals were enumerated. Organisms
were identiﬁed under a binocular (Nikon SMZ800) or inverted
microscope (Nikon Eclipse TS100) to the lower taxonomic level
possible.
2.2. Oceanographic and meteorological data
Sea surface temperature, wind speed (10 m above sea level) and
surface (3 m depth) current speed off the Ría de Vigo were pro-
vided by the Seawatch buoy of Puertos del Estado (www.puer-
tos.es) located off Cape Silleiro (427.80N, 923.40W; Fig. 1).
Continuous records of water temperature and salinity at 4 and
11 m depth at the Rande bridge, in the inner Ría de Vigo
(4217.40N, 839.60W; Fig. 1) were provided by Meteogalicia
(www.meteogalicia.es). The sampling area lay between these two
observatories, thus providing valuable information of the environ-
mental conditions before, during and after the mesozooplankton
surveys. Daily upwelling indices (Qx, in m3 s1 km1) were calcu-
lated from the wind data of the Seawatch buoy following Bakun
(1973). The freshwater input to Ría de Vigo is a combination of reg-
ulated and natural ﬂows. Daily volume of the Eiras reservoir
(which controls 42% of the drainage basin), was provided by Augas
de Galicia (Galician Government). The natural component of the
Oitabén-Verdugo river (Fig. 1) ﬂow was estimated according to
the empirical method of Ríos et al. (1992) from the daily precipita-
tion in the drainage basin. Miño river (Fig. 1) discharges were pro-
vided by the Confederación Hidrográﬁca Miño-Sil upon request
(station SAIH/SAICA: E033 (1641) Frieira dam).
2.3. Statistical analysis
Mesozooplankton community structure was examined with
multivariate techniques using the software packages PRIMER6 &
PERMANOVA+ (Anderson et al., 2008). Prior to analysis, the data-
base was screened to select those taxa that appeared at least in
10% of the samples. Afterwards the abundance was transformed
using the function log(x + 1) to normalize the data (Legendre and
Legendre, 1998). The Bray-Curtis similarity matrix, which reﬂects
changes in relative abundance as well as in species composition,
was used to calculate the resemblance matrix among samples.
A principal coordinate analysis (PCO) ordination was used to
visualise the natural groupings of the samples using 2D and 3D
plots. The PCO output is an unconstrained plot (i.e., does not in-
clude a priori hypothesis) where samples are projected onto axes
that maximize the variance found in the resemblance matrix. The
natural groupings emerging from the PCO plot were analysed with
PERMDISP, based on distances to centroids, to examine the disper-
sion among groups. Subsequently, a non-parametric permutational
ANOVA (PERMANOVA) analysis was used to test for statistical dif-
ferences in the location of natural groupings in the multidimen-
sional space. Furthermore, PERMDISP was used on compositional
dissimilarity (Bray-Curtis on presence/absence data matrix) to test
for similarity in b-diversity (i.e., the variability in species composi-
tion among sampling units for a given area at a given spatial scale)
among the natural groupings (Anderson, 2006). The species con-
tributing most to similarities within and dissimilarities among
the natural groupings, were determined using the program SIMPER
(Warwick and Clarke, 1991) with a two-way crossed analysis.
Organisms with a high average contribution and large ratio of aver-
age contribution to standard deviation of contribution were con-
sidered good discriminating organisms (Clarke, 1993).
Finally, relative abundance of single species (pi) in the natural
groupings was used to calculate species diversity, homogeneity
and dominance using the Shannon–Weaver index (H0 = Pi pi  ln
pi), the Evenness Index (J0 = H0/ln S) and the Simpson’s index
ðk ¼Pp2i Þ, respectively (Omori and Ikeda, 1984). We calculated
also the species richness (S) of each natural grouping by counting
the different taxa and theMargalef’s index (d = (S  1)/logN), which
is an index of the number of species for a given number of individ-
uals. The total abundance (N), as well as holoplankton and mero-
plankton abundances (all expressed in individuals per 1000 m3)
were calculated for each natural grouping. Non-parametric analysis
using Mann–Whitney U test (STATISTICA v6 software, StatSoft Inc.,
Tulsa, USA) was subsequently conducted to test if these biotic vari-
ables varied signiﬁcantly between natural groupings.
Three sets of variables were considered to model the mesozoo-
plankton community structure: (i) meteorologic variables: upwell-
ing index (Qx), freshwater inputs from the rivers Oitabén-Verdugo
(QrOi) and Miño (QrMi) and the moon, which was codiﬁed as a cat-
egorical variable, dividing the lunar cycle into four periods following
Hernández-León et al. (2001); (ii) hydrographic variables obtained
from the CTD casts and Silleiro and Rande observatories; and (iii)
biotic variables obtained from the natural groupings: total abun-
dance (N), holoplankton–meroplankton ratio (H/M), richness (S),
diversity (H0), homogeneity (J0), dominance (k) andMargalef’s index
(d). Prior to modelling, all variables were tested for collinearity
(Spearman correlationmatrix) and thosewith determination coefﬁ-
cients (R2) higher than 0.9 were omitted. The retained variables
were then transformed to compensate for skewness. Given that
variables were measured in different units, they were standardized
prior to calculate the resemblance matrix using Euclidean distance.
RELATE analysis was carried out to test if the spatial pattern of
each set of variables matched with the spatial pattern of the meso-
zooplankton samples, by correlating the matching entries of the
resemblance matrices based on the Spearman rank correlation
(q). Relationships between the resemblance matrix of mesozoo-
plankton and environmental-biotic variables were modelled with
distance-based linear models (DistLM). In order to assign the con-
tribution of the different sets of variables (meteorologic, hydro-
graphic and biotic) to the total variability found in the
mesozooplankton resemblance matrix, a step-wise selection pro-
cedure was carried out using the adjusted R2 as selection criterion.
The output of the ﬁtted model in multi-dimensional space was
visualized with distance-based redundancy analysis (dbRDA)
(McArdle and Anderson, 2001).
Finally, all signiﬁcant variables were introduced in the model
with the ‘‘best’’ procedure of the DistLM model, using the bayesian
information criterion (BIC), because it includes a more severe pen-
alty for the inclusion of new predictor variables than Akaike’s
information criterion (AIC). Such a procedure allowed us to gener-
ate the simplest model that explained the highest variability found
in the mesozooplankton resemblance matrix. Finally, the output of
the ﬁtted model in multi-dimensional space was visualized with
distance-based redundancy analysis (dbRDA).
3. Results
3.1. Hydrography and dynamics
The main forcing variables affecting the hydrography of the Ría
de Vigo and adjacent shelf are presented in Fig. 2 and the CTD pro-
ﬁles of innermost transect 2 (T2) and outermost transect 5 (T5)
shown in Fig. 3. Surveys 1–4 (from July 2 to 11) were conducted un-
der wind relaxation/downwelling conditions, characterised by
weak winds of variable direction and a monotonic increase of SST
(Fig. 2a, b and d), with the exception of the strong downwelling-
favourable winds recorded on July 4 (Fig. 2a and b) resulting in a
strong northward current (Fig. 2c). The downwelling/relaxation
event gradually warmed the surface layer, increasing the stratiﬁca-
tion (Fig. 3a and b), leading to the deepening of the Chl-amaximum
and posterior dispersion through the water column (Fig. 3c).
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Surveys 5–10, conducted from September 26 to October 14,
were characterised by upwelling-favourable winds (Fig. 2a and b)
that cooled the surface layer sharply (Fig. 2d). The dynamics were
more complex during these surveys with four well-deﬁned peri-
ods: (i) from September 25 to 28 weak winds of variable direction
prevailed, accompanied by surface layer warming and stratiﬁca-
tion (Figs. 2a and d, and 3a and b); (ii) from September 29 to
October 4 upwelling-favourable winds resulted in strong south-
westward currents and a sharp cooling of the water column, that
uplifted the Chl-a maximum close to the surface, with Chl-a levels
being twice as much in T2 than in T5 (Fig. 2a and c, and 3c); (iii)
from October 5 to 8 sustained south–southwestward winds re-
versed the circulation pattern and warm oceanic surface water
was advected to the coast increasing the stratiﬁcation (Figs. 2a, c
and d, and 3a); and (iv) from October 9 to 13, north-eastward
winds favoured coastal upwelling resulting in strong westward
currents, water column cooling and Chl-a maximum export to
the ocean (Figs. 2a, c and d, and 3a and c). The last survey (October
14) was dominated by weak winds of variable direction and a
reversal of the circulation pattern that warmed the water increas-
ing the stratiﬁcation and lowering Chl-a (Figs. 2a, c and d, and 3a
and c).
In summary, whilst surveys 1–4 (July) occurred under predom-
inantly summer-downwelling conditions with similar Chl-a levels
inside and outside the Ría de Vigo, autumn-upwelling conditions
prevailed during surveys 5–10 (September–October) with higher
Chl-a levels in the coastal (T2) than in the mid-shelf (T5) domains.
Autotrophy prevailed in the upper 10 m throughout the surveys,
except on July 11 and October 3, when heterotrophy was dominant
(Fig. 3d).
Fig. 2. (a) Wind speed and direction (m s1); (b) upwelling index (Qx, m3 s1 km1); and (c) surface currents (cm s1) recorded at the Silleiro Seawatch buoy; (d) sea surface
temperature (SST, C) from the Silleiro Seawatch buoy (427.80N, 923.40W) and Rande observatories (4217.40N, 839.60W); (e) daily average discharge from Miño and
Oitabén-Verdugo rivers (Qr in m3 s1). Vertical bars mark the sampling days.
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3.2. Mesozooplankton communities
It should be noted that the net used in this study could bias the
mesozooplankton size range (0.2–20 mm) towards relatively
large-size animals. However, the high abundance of phytoplankton
in the samples clogged the net avoiding this bias, thus capturing
animals of less than 375 lm as harpacticoid copepods or
foraminifera.
The PCO plot (Fig. 4) shows three well-deﬁned groups across the
PCO1 axis, which accounted for 47.3% of the variability of the
resemblance matrix. The samples at the extremes of that axis cor-
responded to T5 and T2 respectively, with T5 having negative val-
Fig. 3. Proﬁles of temperature, salinity, Chl-a ﬂuorescence and apparent oxygen utilization (AOU) recorded at transects number 2 (30 m depth) and 5 (95 m depth)
throughout the sampling days.
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ues and oceanic fauna (as hyperiids or adults of euphausiids), while
T2 had positive values and larval stages of coastal species. Samples
in between the oceanic and coastal domains (between 25 and +5
in the PCO1 axis) grouped together with a large dispersion and
were considered collectively as frontal samples. Therefore, the
PCO1 axis reﬂected the gradient from oceanic to coastal stations,
with transition frontal stations among them.
The PCO2 axis explained 14.2% of the variability of the resem-
blance matrix and it was strongly related with the two sampling
periods: summer-downwelling (positive values of PCO2) and au-
tumn-upwelling (negative values of PCO2). Within the summer-
downwelling frontal group there were three outliers (PCO2 values
around +40) that corresponded to samples with high abundances
of calyptopis stages (1260–3090 ind m3).
Based on the PCO plot (Fig. 4) and the previous analysis of the
hydrography and dynamics of the study area, samples were grouped
according to two factors (sampling period/hydrographic characteris-
tics and coast–ocean gradient) into six communities: summer-
downwelling coastal (SC), summer-downwelling frontal (SF),
summer-downwelling oceanic (SO), autumn-upwelling coastal (AC),
autumn-upwelling frontal (AF) and autumn-upwelling oceanic (AO).
The test for dispersions among communities with PERMDISP re-
vealed statistical differences in summer between SF–SC (p < 0.05)
and in autumn between AF–AO and AC–AO (p < 0.05). PERMANO-
VA tests revealed that all the communities were statistically differ-
ent in a multidimensional space (Table 1). However, such a
difference can be in species composition and/or abundance. Vari-
ability in species composition (b-diversity) revealed that in sum-
mer-downwelling conditions, the coastal community differed
signiﬁcantly (p < 0.001) from the oceanic and frontal communities,
which were similar in composition between them. Autumn-
upwelling communities displayed also compositional differences
between coastal and frontal–oceanic communities, but marginally
signiﬁcant (p = 0.07). Besides, coastal communities varied in com-
position between sampling periods (p = 0.001), but the frontal
and oceanic communities did not. PERMANOVA tests revealed no
signiﬁcant differences (p = 0.375) between the surface and oblique
hauls. However, samples were not merged together because cer-
tain species did vary between the two strata. In fact, in some cases
the surface and column samples obtained in the same transect be-
longed to different communities (Fig. 5, day 4).
Average abundances of the taxa that contributed most to the
within-group similarity, i.e. the discriminating species, appear in
Table 2 as well as the different taxa within each community that
are summarised in Annex A. In summer, coastal waters were dom-
inated by copepods (24 species), larval stages of the euphausiid
Nyctiphanes couchii, echinoderm larvae and appendicularians.
Frontal waters were dominated by larval stages of the euphausiid
N. couchii, copepods (17 species), and salps. In contrast, oceanic
waters were dominated by salps, copepods (18 species) and eup-
hausiids (13% adults). In autumn, coastal waters differed markedly
from summer with echinoderm larvae, larval stages of N. couchii,
appendicularians, copepods (25 species), cirripeds and decapods
contributing the most. Frontal waters were dominated by larval
stages of N. couchii, copepods (20 species), salps and chaetognaths.
Finally, oceanic waters were dominated by salps, copepods (18
species), euphausiids (49% adults) and chaetognaths (Fig. 6).
The species that contributed most to discriminate between
pairs of communities are presented in Table 3. Spatial dissimilari-
ties among communities were consistent through summer and au-
tumn, with the highest dissimilarity between coastal and oceanic
samples (the most distant communities), then coastal and frontal
samples and, ﬁnally, the lower dissimilarity was found between
frontal and oceanic communities. Discriminating species present
in the upper part of Table 3 are good indicators of changes in space
due to water body preferences (meroplankton present in the coast-
al domain versus holoplankton present in the oceanic domain). In
contrast, temporal dissimilarities among communities showed
that coastal and oceanic communities changed less with time
(38.78% and 37.71%, respectively) than the frontal community
(45.96%). Discriminating species between both sampling periods
give an idea of the zooplankton succession due to different life
cycle strategies and/ or due to the different upwelling/downwel-
ling situations.
It is noticeable the contrasting levels of similarity found for the
holoplankton and meroplankton components within each commu-
Fig. 4. Ordination PCO plot with superimposed cluster grouping samples according to coastal–ocean gradient (PCO1) and sampling period/hydrographic characteristics
(PCO2). Symbols represent the different communities identiﬁed: SC, summer coastal; SF, summer frontal; SO, summer oceanic; AC, autumn coastal; AF, autumn frontal; AO,
autumn oceanic.
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nity (Table 4). While the holoplankton was quite similar across the
communities, with the frontal community showing the lowest val-
ues; the meroplankton was more variable showing a decreasing
gradient of similarity from coastal to oceanic communities. Com-
parisons between communities revealed that the holoplankton
component changed less spatially and temporally than the mero-
plankton. The later showed enormous differences between coastal
and oceanic samples, as well as a marked change in the frontal and
oceanic communities of both sampling periods.
The biotic indices obtained from the different communities are
presented in Table 5 and their spatial and temporal non-paramet-
ric comparisons are summarized in Table 6. In summer, there was a
marked gradient between the coastal and the frontal–oceanic do-
mains: the coastal community had the highest diversity and abun-
dance, with many species almost homogenously distributed and
the lowest ratio between holoplankton and meroplankton, due to
the high abundance of larval stages of coastal species (Table 5,
Fig. 6). The frontal community was very similar to the oceanic
one but with signiﬁcant differences in richness and abundance
(3-fold in the frontal than in the oceanic samples). In the oceanic
community, there was a remarkable decline of meroplankton, with
almost all the animals present in the oceanic sample being holo-
plankton. In autumn, there were less signiﬁcant differences be-
tween coastal and frontal–oceanic communities, except in total
abundance and richness that followed the previously described
coastal–frontal–oceanic gradient (Fig. 6, Table 6).
Table 1
Results from multivariate PERMANOVA analysis testing differences in zooplankton communities. PERMANOVA full factor test for differences between sampling periods (summer
and autumn), coast–ocean gradient (coast, front and ocean) and interaction between these factors. Data log(x + 1) transformed.
Factor df SS MS Pseudo-F P (perm) Unique perms
Sampling periods (SP) 1 8708 8708 14.439 0.0001 9939
Coast–ocean gradient (CO) 2 44727 22364 37.081 0.0001 9935
SP x CO 2 2940.4 1470.2 2.4377 0.0008 9881
Residual 73 44027 603.11
Total 78 104880
Fig. 5. PCO plot showing the temporal variation of mesozooplankton samples collected at transect 3 along the 10 surveys (1–10) at (a) surface and (b) column.
Table 2
Mean abundance (ind 1000 m3) of the ten most discriminating species of each community and averaged similarity of each community (as percentage).
Summer Autumn
Coastal 70.55% Frontal 62.35% Oceanic 70.27% Coastal 64.82% Frontal 61.66% Oceanic 71.74%
Nyctiphanes couchii calyptopis
199067
Calanoides carinatus
126273
A. clausi
6499
Appendicularia
222062
Chaetognatha
32060
Paraeuchaeta spp.
20097
Pisidia longicornis zoea
22775
N. couchii calyptopis
426896
P. hebes
14187
Ophiuroidea larvae
641873
N. couchii furcilia
58139
Salpida
61479
Appendicularia
185072
N. couchii furcilia
259331
Paraeuchaeta spp.
23423
Chaetognatha
76318
N. couchii calyptopis
235948
Chaetognatha
16781
Brachyura zoea
60756
Acartia clausi
101237
Salpida
213747
N. couchii calyptopis
249736
A. clausi
39961
N. couchii adults
15486
Gastropoda larvae
19417
Brachyura zoea
12760
C. carinatus
62404
N. couchii furcilia
158338
C. carinatus
24567
A. clausi
14914
Centropages chierchiae
8683
C. helgolandicus
51451
Mysidacea
2190
Cirripedia larvae
135229
Paraeuchaeta spp.
12939
P. hebes
7891
N. couchii furcilia
182578
Salpida
119867
C. helgolandicus
36756
Brachyura zoea
29979
C. helgolandicus
11233
Mysidacea
3692
Podon intermedius
68166
Paraeuchaeta hebes
14135
N. couchii calyptopis
6626
Oithona plumifera
12044
Mysidacea
2669
N. couchii calyptopis
12151
Calanus helgolandicus
14331
C. chierchiae
20464
Chaetognatha
2838
Siphonophora
38073
Paracalanus parvus
6829
N. couchii furcilia
3981
Evadne nordmanni
28669
N. couchii adults
21720
Salpida
24927
Salpida
32756
P. parvus
1621
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Coastal waters underwent larger changes between sampling
periods, with less richness, diversity and, consequently, lower
evenness and higher dominance in autumn than in summer. How-
ever, there was no statistical difference between meroplankton
and holoplankton although there was more meroplankton in the
autumn coastal community (Fig. 6). The structure of frontal and
oceanic communities did not vary much between both periods, ex-
cept for a marked decrease in autumn abundance for both commu-
nities, mainly due to a decrease in holoplankton.
The signiﬁcant relationships of the correlations between CTD
variables and the discriminating taxa are summarized in Table 7.
Species more abundant in coastal waters (i.e. Pisidia longicornis
zoea, echinoderm zoea, cirripedia zoea, processidae zoea, appendi-
cularians) showed negative correlations with Salt and positive cor-
relations with Stab, common features of coastal areas inﬂuenced
by continental runoff. Frontal communities (i.e. Brachyura megal-
opa, Calanus helgolandicus, Calanoides carinatus, Acartia clausi) cor-
related negatively with AOU, related with higher phytoplankton
Fig. 6. Holoplankton and meroplankton abundances (ind m3), together with the
relative importance of the principal mesozooplankton groups found in the different
communities. Community abbreviators as deﬁned in Fig. 5.
Table 3
Taxa with the highest contributions to spatial and temporal differences among communities (averaged dissimilarity for each pair of communities in parenthesis), their percentage
contributions to between group dissimilarity, their discriminate power in bold and the community where their abundance was higher. Community abbreviations: SC, summer
coast; SF, summer front; SO, summer ocean; AC, autumn coast; AF, autumn front; AO, autumn ocean.
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activity. Conversely, oceanic communities (i.e. salps, mysidacea,
Paraeuchaeta hebes, hyperiids) correlated positively with T and
Salt and negatively with Chl-a and Stab.
3.3. Linking environmental and biotic variables with mesozooplankton
communities
The ordination scores of the PCO1 and 2 axes on each station
were regressed against the meteorologic, hydrographic and dy-
namic variables obtained from the Silleiro and Rande observatories
to determine the relative importance of each forcing factor and the
delay of the response of the community structure. All variables
showed better correlations with the scores of the PCO2 axis and
the delay intervals varied depending on the variable (Table 8).
These correlation coefﬁcients were used to weight the effect of
the forcing variables recorded at the Silleiro and Rande observato-
ries on each sampling station. Eighteen variables were retained
based on collinearity analysis. The variables Chl-a, Stab, N and H/
M were log transformed to compensate for skewness.
The retained variables were then run with the ‘‘best’’ procedure
of the DistLM model, using the Bayesian information criterion
(BIC). As a result, only ﬁve variables were retained by the model,
together accounting for 64% of the variability found in the meso-
zooplankton resemblance matrix (Table 9, Fig. 7). Three of the ﬁve
ﬁtted variables were biotic: log(H/M), log(N) and S, the fourth was
Qx and the ﬁfth was the moon. The ﬁrst two dbRDA axes ac-
counted with 88.3% of the ﬁtted variability, corresponding to
55.4% of the total variability of the resemblance matrix. This model
based only on ﬁve variables clearly represented the community
patterns shown in the unconstrained PCO plot of Fig. 4 (RELATE
analysis q = 0.58, p < 0.001), demonstrating that the main structur-
ing forces of the data cloud were included in the model. Thus,
attending to the variable vectors overlaid in Fig. 7 it can be con-
cluded that the most important variables involved in originating
the coastal–oceanic gradient, were log(H/M) inversely and log(N)
together with S directly (also shown in Table 5). Such a gradient
was a consequence of very rich, abundant and meroplankton-
dominated coastal waters facing poor, less abundant and
Table 4
Percentages of similarity found in the holoplankton and meroplankton samples of each community (abbreviated as in Table 3), as well as their spatial and temporal comparisons.
SC SF SO AC AF AO
Holo 72.4 65.8 72.55 66.4 66 73
Mero 66.8 44.1 15.6 61.5 31.3 17.5
Spatial
Holo
SC–SF
57.1
SC–SO
44.8
SF–SO
58.7
AC–AF
55.4
AC–AO
43.1
AF–AO
61.6
Mero
SC–SF
30.2
SC–SO
5.2
SF–SO
16.1
AC–AF
27.3
AC – AO
3.2
AF–AO
10.1
Temporal
Holo
SC–AC
62.2
SF–AF
58.5
SO – AO
63.8
Mero
SC–AC
58.3
SF–AF
26.7
SO – AO
14
Table 5
Biotic indices of the different communities expressed as mean values of the Shannon diversity index (H0), species richness (S), Margalef’s index (d), Simpson’s index (k), Pielou’s
evenness index (J0), total abundance (N) and the ratio between holoplankton and meroplankton (H/M).
Summer Autumn
Coastal Frontal Oceanic Coastal Frontal Oceanic
Diversity (H0) 2.25 1.61 1.31 1.98 1.85 1.70
Richness (S) 42 26 21 36 30 21
Margalef’s index (d) 13 9 8 11 11 9
Simpson’s index (k) 0.19 0.33 0.44 0.25 0.29 0.28
Evenness (J0) 0.42 0.34 0.30 0.38 0.38 0.39
Total abundance (ind 1000 m3) 1665502 1314714 387248 1952373 538493 168932
Holoplankton/meroplankton (H/M) 4.27 51.71 557.31 2.74 47.40 418.66
Table 6
Non-parametric analysis (Mann–Whitney U Test) of the biotic indices (abbreviations deﬁned in Table 5) plus meroplankton (mero) and holoplankton (holo) showing the spatial
and temporal relationships between the different communities (abbreviations deﬁned in Table 3).
H0 S d k J0 N Mero Holo
Spatial differences in summer SC–SF C > F*** C > F*** C > F*** C < F** C > F* n.s. C > F*** n.s
SC–SO C > O*** C > O*** C > O*** C < O*** C > O* C > O*** C > O*** C > O***
SF–SO n.s. F > O* n.s. n.s. n.s. F > O** F > O*** F > O**
Spatial differences in autumn AC–AF n.s. C > F** n.s. n.s. n.s. C > F*** C > F*** C > F**
AC–AO C > O* C > O*** C > O* n.s. n.s. C > O*** C > O*** C > O***
AF–AO n.s. F > O** n.s. n.s. n.s. F > O** F > O*** F > O**
Temporal differences SC–AC S > A* S > A*** S > A* S < A* S > A* n.s. n.s. n.s.
SF–AF n.s. n.s. S < A* n.s. n.s. S > A** n.s. S > A*
SO–AO n.s. n.s. n.s. n.s. n.s. S > A* n.s. S > A*
Asterisks indicate signiﬁcant differences at levels:
n.s.: p > 0.05.
* p < 0.05.
** p < 0.01.
*** p < 0.001.
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Table 8
Multiple regression coefﬁcients of PCO2 scores on each station sampled (T: transect; C: integrated column sample; S: surface samples) against continuous variables delayed up to
4 days (lag numbers 0–4). Only signiﬁcant coefﬁcients (p < 0.05; n = 10) are shown. Abbreviations. Ano11.3 m: anomaly of density at 11.3 m; QrMi: outﬂow from Miño river;
QrOi: outﬂow from Oitabén-Verdugo river; Qx: upwelling index; SST: Sea surface temperature; T 4.3 m: temperature at 4.3 m; u: east–west surface current direction; v: north–
south surface current direction.
lag T5C T5S T4C T4S T3C T3S T2C T2S
Qx b 0 0.75 0.62 0.48 0.91 0.43 0.64 0.42 0.30
1 0.34 0.37 0.38 0.56
R2 0.57 0.38 0.60 0.82 0.57 0.41 0.58 0.65
QrMi b 0 0.26 0.49 0.36
1 0.58 0.65 0.59 0.42 0.38 0.53
R2 0.34 0.43 0.35 0.18 0.33 0.32 0.24 0.13
QrOi b 1 16.13 8.44 13.04 22.26 12.31 13.18 12.34 11.78
3 3.86 1.64 2.61 5.01 2.48 3.11 2.24 2.86
R2 0.31 0.15 0.18 0.30 0.16 0.14 0.19 0.22
Ano11.3 m b 0 0.41 0.49
1 1.30 10.11
2 4.00 29.70
3 10.05
4 0.73 0.86 2.19 0.92 2.25 0.92
R2 0.73 0.81 0.93 0.88 0.93 0.82 0.92 0.84
T 4.3 m b 1 18.32 7.10 6.20 11.76 4.28 7.46 0.85 4.00
2 25.30 8.73 6.25 9.74 3.35 9.68 4.20
3 1.77 6.25 6.27 2.12 6.35 5.71 6.35
4 3.43 4.42 1.91 6.05 4.04 2.16
R2 0.91 0.88 0.95 0.88 0.92 0.84 0.88 0.83
SST b 3 0.67 0.76 0.81 0.73 0.8 0.63 0.92 0.72
R2 0.44 0.57 0.65 0.54 0.65 0.40 0.85 0.52
u b 0 0.82 0.65 0.63 0.88 0.42 0.71 0.72
1 0.42 0.36 0.35 0.30 0.31 0.15 0.51 0.73
2 0.50 0.44 0.46 0.58 0.38 0.29 0.74
R2 0.34 0.20 0.18 0.28 0.09 0.03 0.24 0.41
v b 0 0.26 0.45 0.32 0.32 0.50
1 0.31 0.41 0.38 0.39 0.58
2 0.58 0.64 0.35 0.34 0.39 0.54
3 0.40
R2 0.34 0.41 0.50 0.45 0.62 0.71 0.66 0.66
Table 7
Signiﬁcant results of the regressions between environmental variables (averaged values in surface and column) against the taxa with highest contribution to the dissimilarity
between communities.
Taxon Variable B p Taxon Variable B p
Pisidia longicornis zoea Salinity 0.48 <0.05 Appendicularia Stability 0.31 <0.05
Stability 0.72 <0.00001
Salpida Temperature 0.61 <0.0001 Siphonophora AOU 0.53 <0.001
Fluorescence –0.23 <0.05 Stability 0.53 <0.00001
Stability –0.28 <0.01
Brachyura zoea Stability 0.54 <0.0001 Cnidaria Salinity 0.4 <0.001
Stability 0.57 <0.00001
Brachyura megalopa Temperature 0.36 <0.05 Amphipoda Hyperiidea Temperature 0.58 <0.001
AOU –0.41 <0.05 Stability –0.38 <0.01
Gasteropoda Stability 0.25 <0.05 Acartia clausii Fluorescence 0.28 <0.05
AOU –0.63 <0.001
Oﬁuroidea larvae Stability 0.58 <0.0001 Calanus helgolandicus Temperature 1.59 <0.05
AOU –0.66 <0.001
Echinoidea larvae Stability 0.30 <0.05 Calanoides carinatus Salinity 0.48 <0.001
AOU –0.73 <0.0001
Cirripedia larvae Salinity 0.26 <0.05 Centropages chiercheai Temperature 2.2 <0.05
Stability 0.40 <0.001 Salinity 0.73 <0.05
Paguridae zoea Fluorescence 0.37 <0.01 Oithona plumifera Fluorescence 0.29 <0.05
Stability 0.25 <0.05 AOU 0.50 <0.05
Processidae zoea Salinity 0.25 <0.05 Paracalanus parvus Temperature 0.37 <0.05
Stability 0.67 <0.00001 Salinity –0.49 <0.001
Podon intermedius Stability 0.34 <0.001 Paraeuchaeta hebes Temperature 0.34 <0.05
Salinity 0.29 <0.05
Fluorescence –0.24 <0.05
Mysidacea Fluorescence 0.26 <0.05 Paraeuchaeta spp. Fluorescence 0.3 <0.05
Chaetognatha Salinity 0.45 <0.001 Temora longicornis Salinity 0.28 <0.05
Fluorescence 0.25 <0.05 Stability 0.27 <0.05
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holoplankton-dominated oceanic waters. On the other hand, the
sampling period/hydrographic characteristics found in the Y axis
were directly related with the moon and log(N) and negatively
with Qx, because summer waters were dominated by high-abun-
dance downwelled waters while autumn waters were dominated
by low-abundance upwelled waters with higher contribution of
meroplankton. The last quarter of the moon (waning crescent)
was directly related with increased abundances of mesozooplank-
ton in summer, while the ﬁrst three quarters where correlated
with autumn waters. The ﬁrst and third quarters (waxing crescent
and waning gibbous) were correlated with high abundance au-
tumn coastal communities and the second quarter (waxing gib-
bous) was correlated with autumn frontal and oceanic
communities, where less abundance was found.
RELATE analysis showed that the spatial patterns based on the
meteorologic (q = 0.174, p < 0.01), hydrographic (q = 0.285,
p < 0.01), and biotic data (q = 0.67, p < 0.001) were signiﬁcantly re-
lated to the patterns found in the mesozooplankton resemblance
matrix, with the optimal match (largest Spearman q) correspond-
ing to biotic data. The output of marginal tests on each set of vari-
ables showed that biotic data accounted for 54.5%, hydrography for
48.8% and meteorology for 39.9% of the variability (Table 10). How-
ever, when ﬁtted into the step-wise model grouping the variables
according to the three sets of variables, the DistLM model revealed
that the variability found in the mesozooplankton resemblance
matrix was better described by the biotic variables (54.5%), fol-
lowed by the hydrography (16.1%) and ﬁnally the meteorology
Table 9
Results of DISTLM model showing the marginal tests on each variable, with the proportion of variability explained for each variable (Prop.), as well as the results of the model
obtained with ‘‘best’’ selection procedure on the basis of BIC selection criterion.
Marginal tests Sequential test
Variable Pseudo-F P-value Prop. Pseudo-F P-value Prop. Cumulative
log(H/M) 50.435 0.0001 0.396 50.435 0.0001 0.396 0.396
log(N) 33.865 0.0001 0.305 13.859 0.0001 0.093 0.489
Moon 3.440 0.0005 0.121 3.5564 0.0001 0.065 0.554
Qx 8.235 0.0001 0.083 11.556 0.0001 0.062 0.616
S 30.54 0.0001 0.284 4.8639 0.0001 0.025 0.640
Fig. 7. Distance-based redundancy (dbRDA) plot illustrating the DistLM model based on the mesozooplankton assemblage data and selected variables under BIC criterion.
Symbols represent the different communities. log(H/M): holoplankton–meroplankton ratio logarithm; log(N): mesozooplankton total abundance logarithm; Moon 1–4: four
moon phases; Qx: upwelling index; S: richness.
Table 10
Results of DISTLM model obtained with ‘‘step-wise’’ selection procedure on the basis
of adjusted R2 as selection criterion, showing the marginal tests on each variable, with
the signiﬁcance (p-value), the proportion of variability explained for each variable
(Prop), and the total variation explained for each set of variables (% Var).
Marginal tests
Set Variables p-value Prop % Var
Biotic log(H/M) 0.001 0.396 54.5
Biotic log(N) 0.001 0.305
Biotic S 0.001 0.284
Biotic H0 0.003 0.097
Biotic d 0.001 0.093
Hydrographic T 4.3 m 0.001 0.249 47.7
Hydrographic log(ﬂuo) 0.001 0.105
Hydrographic Ano 11.3 m 0.001 0.087
Hydrographic Salt 0.001 0.078
Hydrographic v 0.001 0.074
Hydrographic log(stab) 0.001 0.069
Hydrographic SST 0.004 0.063
Hydrographic AOU 0.018 0.049
Hydrographic u 0.046 0.034
Hydrographic T 0.231 0.016
Meteorologic QrMi 0.001 0.161 39.9
Meteorologic Qx 0.001 0.083
Meteorologic Moon 4 0.004 0.057
Meteorologic Moon 2 0.022 0.039
Meteorologic Moon 3 0.029 0.034
Meteorologic Moon 1 0.107 0.024
Meteorologic QrOi 0.67 0.008
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(6.0%); altogether accounting 76.6% of the total variability found in
the mesozooplankton resemblance matrix (Fig. 8).
The same analyses were performed splitting the mesozooplank-
ton data matrix in holoplankton and meroplankton components to
ﬁlter out the main descriptor of the community. PCO analysis re-
vealed that while the holoplankton shared almost the same struc-
turing forces as found for the mesozooplankton (41.7%
corresponding to the coast–ocean gradient and 18.1% correspond-
ing to sampling period/hydrographic characteristics, q = 0.956,
p < 0.001), the meroplankton did it to a lesser extent (only 30.6%
corresponding to the coast–ocean gradient and 11.9% to the sam-
pling period/hydrographic characteristics, q = 0.703, p < 0.001).
Furthermore, the spatial patterns based on the resemblance matrix
of the explicative variables (meteorologic, hydrographic, and biotic
without log(H/M)), were signiﬁcantly better represented by the
resemblancematrix of holoplankton (q = 0.454, p < 0.001) than that
of the meroplankton (q = 0.261, p < 0.01). DistLM model run with
the ‘‘step-wise’’ procedure and BIC as selection criterion revealed
that while the variability found in the holoplankton resemblance
matrix was better described by ﬁve variables (log(N) 28.2%, d
12.3%, Qx 10.4%, moon 4 4.9% and Salt 2.8%, altogether accounting
with 58.6%) the meroplankton was better described by three vari-
ables (S 19%, log(N) 9.2% and Qx 4.5% altogether accounting with
32.7%).
4. Discussion
4.1. Mesozooplankton communities
Mesozooplankton communities have been characterised at the
short-time (<1 wk) and spatial (<11 km) scale for the ﬁrst time in
the Ría de Vigo. A total of six mesozooplankton communities were
identiﬁed according to their species composition and abundance,
together with the inﬂuence of the meteorology and hydrography
of the Ría de Vigo and adjacent shelf. As a consequence of the cir-
culation pattern during upwelling/downwelling events (Souto
et al., 2003), part of the biomass produced inside (outside) the
Ría de Vigo is transported offshore (onshore) by the surface ocean
ward (coastal ward) current (Álvarez-Salgado et al., 2002; Spyrakos
et al., 2011). Therefore, the communities present in the Ría de Vigo
might be disrupted and mixed by this highly advective coastal
upwelling/downwelling environment (González et al., 2005). In-
deed, such an effect can be tracked in our samples. Following the
time-course of the mesozooplankton community found at T3, it
is clear how it changed in parallel with the meteorology: On July
9, the mesozooplankton collected in surface waters (Fig. 5a, num-
ber 3) belonged to the coastal community. On July 10, southerly
winds transported surface warm oceanic waters onshore
(Figs. 2a, c and d, and 3a), thus changing the surface sample col-
lected on July 11 to an oceanic community (Fig. 5a). At the same
time, the water column sample of July 11 (Fig. 5b) belonged to
the frontal community, due to the diminishing effect of the wind
stress with depth. So, there were two different communities in
the same transect at different depths, although the methodology
used in this study (bongo sampling) was not the optimal to explore
such differences.
The large dispersion found in frontal communities (Fig. 4) is a
consequence of their location between the coastal and oceanic do-
mains and the continuous intrusions of animals from both commu-
nities forced by the upwelling/downwelling currents. Nonetheless,
such intrusions did not lead to a continuous gradient between
coastal and oceanic realms caused by the mixing of the three com-
munities. Intriguingly, the persistence of the three communities
suggests speciﬁc mesozooplankton responses, like behavioural dis-
tribution patterns coupled with the residual circulation of the Ría
de Vigo (Marta-Almeida et al., 2006; Queiroga et al., 2007), that
would allow the return of advected animals to their community
of origin.
4.2. Coastal–oceanic gradient
The natural groupings represented in the PCO plot (Fig. 4)
clearly differentiate coastal from frontal and oceanic waters. The
latter were not different in species composition but in abundance
(more than 3-fold in the frontal than in the oceanic samples) in
both seasons (Table 5). Coastal waters differed from oceanic
waters, because neritic holoplankton species such as Temora longi-
cornis, A. clausi, Pseudocalanus elongatus, Paracalanus parvus
(Peterson, 1998; Gaard, 1999) coexist with meroplankton near
the coast, therefore increasing notably the abundance of coastal
communities (Fusté and Gili, 1991; Bode et al., 1998, 2009;
Blanco-Bercial et al., 2006). Indeed, the largest mesozooplankton
abundance occurred in the coastal domain, both in summer and
autumn, with meroplankton contributing 31.7% and 47.2%, respec-
tively. Coastal waters act as nursery areas in the Ría de Vigo, as
found in long-term studies off Galicia (Bode et al., 2009). The
meroplankton contribution clearly declined in the frontal (2.3%
and 3.6% on each sampling period) and even more in the oceanic
community (only 0.6% and 0.4%). Furthermore, a decreasing simi-
larity from coastal to oceanic communities (Table 4) was coupled
with this decline in meroplankton abundance. Therefore, it can
be concluded that the coastal–oceanic gradient was mainly due
to a gradient in holoplankton/meroplankton abundance, as shown
in Fig. 7 and reinforced by the high contribution of this ratio
(39.6%) describing the overall variability found in the mesozoo-
plankton resemblance matrix (Table 9).
The ratio (H/M) is proposed as an index for mesozooplankton
community studies in coastal and shelf areas. Indeed, there is a
need for a consensus between the taxonomists involved with data
acquisition to avoid the difﬁculties inherent when comparing zoo-
plankton time series (Perry et al., 2004; Valdés et al., 2007). The
adoption of the ratio (H/M) as a consensus index is supported by
Fig. 8. Flow diagram showing the sources of variability (as percentages) affecting the resemblance matrix of mesozooplankton samples collected in the Ría de Vigo.
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the following advantages: (i) the easiness of obtaining the data due
to its independency on the degree of taxonomic expertise (the rec-
ognition of meroplankton and holoplankton groups is an easy task,
even with plankton-imaging software as in Benavides et al.
(2010)); (ii) its high power describing the variability found in
mesozooplankton communities (39.6% against 9.7% explained by
Shannon’s diversity index, H0, which deeply depends on the taxo-
nomic expertise); (iii) less time and effort for obtaining data; (iv)
its independency on the biomass given that is a ratio of individuals.
Furthermore, the ratio (H/M) may be used to place other people’s
works into mesozooplankton coastal–oceanic community gradi-
ents, as well as to track mesozooplankton communities advected
by mesoscale oceanographic events like ﬁlaments, gyres, upwell-
ing/downwelling (Relvas et al., 2007).
4.3. Short-term changes in mesozooplankton communities
There was a noticeable change between summer and autumn
communities, originated by contrasting oceanographic conditions
coupled with zooplankton life strategies. Summer surveys were
carried out under downwelling-relaxation conditions. The pre-
dominant southerly winds pushed onshore warm and salty surface
waters of subtropical origin (Souto et al., 2003; Spyrakos et al.,
2011), carrying oceanic species positively correlated with Salt
and T and negatively correlated with Chl-a (salps, mysids, hyperi-
ids, P. hebes), as found in other works (Valdés et al., 1990; Blanco-
Bercial et al., 2006). These subtropical waters had less richness and
abundance than coastal waters, with the salps Salpa fusiformis and
Thalia democratica dominating the samples (Huskin et al., 2003;
Boero et al., 2008). The frontal community was similar in composi-
tion to the oceanic, but differed in abundance due to the onshore
advection that piled up oceanic species in the front, with N. couchii
larval stages dominating the samples (Fig. 6). Discriminating taxa
found in frontal waters were negatively correlated with AOU
(brachyuran megalopae, C. helgolandicus, C. carinatus, A. clausi),
suggesting that these animals were present in waters with high
primary production as found by Blanco-Bercial et al. (2006). Coast-
al waters were dominated by species positively correlated with
Stab and Chl-a and negatively correlated with Salt as appendicula-
rians (Acuña and Anadón, 1992), meroplankton (cirriped, echino-
derm, crustacean, polychaete and gastropod larvae), and
cladocerans, which are species specialized to feed on small parti-
cles (Blanco-Bercial et al., 2006). The copepod A. clausi was excep-
tionally abundant in coastal waters far followed by T. longicornis
(Bode et al., 2009).
Autumn surveys occurred under dominant upwelling condi-
tions, which resulted in less difference between coastal and frontal
communities, because coastal waters were advected offshore
against the frontal community. Species found in the coastal com-
munity correlated positively with AOU, Stab (meroplankton,
siphonophores and appendicularians) and Chl-a (Oithona plumif-
era). This community showedmarked changes in their composition
compared with summer, with increased numbers of siphono-
phores, chaetognaths, echinoderm larvae and O. plumifera, which
is an upwelling indicative species (Blanco-Bercial et al., 2006);
and decreased numbers of cladocerans (Podon intermedius and
Evadne nordmanni) and the copepods A. clausi, T. longicornis, Centro-
pages chiercheai and Clausocalanus spp. The frontal community was
characterised by animals negatively correlated with AOU and pos-
itively correlated with Chl-a and Stab as chaetognaths, siphono-
phores, N. couchii larvae, gastropods, and the copepods C.
carinatus, C. helgolandicus, P. parvus and A. clausi, that are consid-
ered coastal upwelling species (Peterson, 1998). Increased abun-
dances of chaetognaths, mysidaceans, P. parvus and Paraeuchaeta
spp. were found in autumn frontal communities; while decreased
numbers of brachyuran zoea and megalopa, gastropods, furcilia
stages of N. couchii and the copepods P. hebes, C. helgolandicus
and C. carinatus were found in autumn compared with summer.
Finally, oceanic waters showed an increase in autumn abundances
of N. couchii adults and larval stages, chaetognaths, mysidaceans
and P. parvus; while a marked decrease in salps, P. hebes, P. spp.,
C. carinatus and C. helgolandicus was noted compared to the sum-
mer oceanic community. These seasonal changes are in agreement
with previous works (Valdés et al., 1990; Bode et al., 1998, 2004;
Blanco-Bercial et al., 2006; Huskin et al., 2006).
Huge numbers of N. couchii calyptopis (ranging from 282 to
3090 ind m3) found in the frontal community of July 2 (transects
3 and 4) coincided with the highest aggregation of adults
(170 ind m3, dominated by mature females carrying fully devel-
oped eggs) at the outer transect number 5. Furthermore, N. couchii
adult aggregations were found again in autumn frontal communi-
ties on October 9 and 10 (139 and 123 ind m3 respectively), coin-
ciding with calyptopis abundances ranging from 540 to 2395
ind m3. This spatial distribution of larvae mainly in the coastal
and frontal domains coupled with the high abundance of mature
adults in the frontal and oceanic domains, suggest a breeding aggre-
gation of adults through the upwelling season,which coincideswith
the reproductive ecology of this species (Mauchline, 1984).
The oceanographic situation found in this study, i.e. downwel-
ling in summer and upwelling in autumn, was opposite to the main
oceanographic pattern off NW Spain, where coastal winds describe
a seasonal cycle, favour upwelling from March–April to Septem-
ber–October and downwelling for the rest of the year (Wooster
et al., 1976; Blanton et al., 1987). However, more than 70% of the
wind variability concentrates on periods of 10–20 days, thus allow-
ing the frequent occurrence of downwelling events during the
upwelling season (Álvarez-Salgado et al., 2002). Therefore, the
downwelling event experienced during summer samplings may
account for the unexpected massive amounts of salps found in
the oceanic community (maximum of 995 salps m3), although
their natural cycle place these animals at the end of the upwelling
season, occurring along the offshore edge of the shelf break salinity
fronts (Huskin et al., 2003, 2006; Blanco-Bercial et al., 2006; Deibel
and Paffenhöfer, 2009) when high salinity water ﬂows poleward
along the Portuguese and Galician coasts (Haynes and Barton,
1990; Castro et al., 1997). Furthermore, the presence of the
warm-water copepod Temora stylifera (Villate et al., 1997; Valdés
et al., 2007; Bode et al., 2009) in summer oceanic waters reinforces
the unusual oceanographic conditions experienced during July
samplings. Hence, we would like to point out that the mesozoo-
plankton community composition found in summer samplings
may be distorted by the unusual oceanographic conditions and
the abundance of salps (Huskin et al., 2003).
4.4. Linking mesozooplankton communities to environment: to what
extent?
The relationship between environment and plankton is difﬁcult
to generalise, because the environmental factors interact at differ-
ent temporal scales (Bode et al., 2009; Nogueira et al., 2012) aside
from indirect interactions canalized through the food web that
gradually diminish along the trophic levels resulting in a weaken-
ing effect (Micheli, 1999). In this work, only 2 days were enough to
change the community present in the surface sample of T3 from
coastal to oceanic (Fig. 5a, day 4). Such a quick change contrast
with the delay of weeks found between the time series and the
zooplankton response by Tenore et al. (1995), or the lack of appar-
ent response of plankton to climate forcing found at mid latitudes
compared to boreal locations (Beaugrand et al., 2000). Although,
coastal communities shifted to oceanic due to wind-driven cur-
rents produced the same day and the day before, the coastal–ocean
gradient was better explained by the biotic variables (log(H/M),
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39.6%) than those directly related with surface currents (u and v,
altogether explaining 10.8%) or indirectly related (Qx, 8.3%). This
large difference between the explanatory power of biotic and envi-
ronmental variables may play some part in the delays obtained by
other authors (Tenore et al., 1995; Bode et al., 2009; Nogueira et al.,
2012) or even the lack of response (Beaugrand et al., 2000).
Another complication that may mask the link between environ-
ment and plankton is that the environmental conditions are more
tightly linked with the holoplankton than with the meroplankton.
This difference may be produced by the low abundance and the
high variability found in the meroplankton samples of the frontal
and oceanic communities (Table 4). However, the contrasting life-
history characteristics of both planktonic components may play
some part in their link with the environment given that the holo-
plankton spends their entire life in the pelagic realm, and the mer-
oplankton spends but a part of their life in the water column.
An interesting ﬁnding was the signiﬁcant contribution of the
moon describing the mesozooplankton variability. Although there
are few samplings to reveal how the moon is inﬂuencing the zoo-
plankton abundance, we ﬁnd that the different moon periods affect
unequally the holoplankton and meroplankton components. We
ignore whether the zooplankton reproductive strategies are cou-
pled with speciﬁc moon periods by means of its light intensity
and/or with the tidal currents (Tankersley et al., 2002; Queiroga
et al., 2007) and requires further study. However, we discard the
moon effect through the predatory inﬂuence of diel vertical migra-
tors (Hernández-León et al., 2001), because such predators are not
present in the study area but in pelagic open ocean environments.
5. Conclusions
Three well-deﬁned mesozooplankton communities named as
coastal, frontal and oceanic were deﬁned by means of their abun-
dance and speciﬁc composition in the Ría de Vigo. These commu-
nities changed from summer to autumn due to a shift in coastal
upwelling/downwelling conditions coupled with taxa dependent
changes in life cycle strategies. The main factor responsible of
the coastal–oceanic gradient was the ratio between holoplankton
and meroplankton, which was increasing from coastal to the oce-
anic community. This ratio has been proposed as a consensus index
for coastal–shelf zooplankton community studies due to its expli-
cative power and easiness of identiﬁcation. The episodic upwell-
ing/downwelling events off the Ría de Vigo create an advective
environment where zooplankton faces forcible removal from the
ecosystem. However, the communities kept their integrity
throughout the upwelling season in spite of being displaced by
the offshore/onshore currents, presumably due to behavioural
changes in their vertical position. This study brings light into the
traditionally overlooked mesozooplankton fraction of the Ría de
Vigo, an essential component of the pelagic realm that channels
the high productivity of the Ría de Vigo up to higher trophic levels.
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 CAPÍTULO 4 
Distribución de paralarvas de cefalópodos y sus interacciones con las 
comunidades de mesozooplancton en un área de afloramiento costero 
(Ría de Vigo, NO España) 
Álvaro Roura, Xosé A. Álvarez-Salgado, Ángel F. González, María Gregori, Gabriel 
Rosón, Ángel Guerra 
 
  En este trabajo se pretende conocer los distintos ciclos de vida de las paralarvas 
de cefalópodos presentes en la Ría de Vigo (NO España). Para ello se analizó la 
distribución de las paralarvas de Octopus vulgaris, loligínidos, sepiólidos y 
omastréfidos en las distintas comunidades de mesozooplancton de la Ría de Vigo (NO 
España), en función de los patrones de circulación impuestos por pulsos de afloramiento 
y hundimiento. Un total de 630 paralarvas se capturaron en 61 de las 80 muestras 
recogidas durante la estación de afloramiento de 2008. Las paralarvas de O. vulgaris 
fueron las más abundantes (n=406), representando un 64.4 % del total, seguidas por los 
loligínidos (n=143, 22.7%), sepiólidos (n=77, 12.3%) y sólo 4 rhynchoteuthions de 
omastréfidos (0.6%). Las paralarvas de pulpo encontradas tenían aproximadamente la 
misma longitud, al contrario que las paralarvas de loligínidos y sepiólidos, que 
presentaron una gran diversidad de tallas medidas según la longitud dorsal del manto 
(DML). Esto, unido a que estas paralarvas se distribuían de maneras distintas bajo los 
mismos patrones de circulación, reveló la existencia de distintas estrategias vitales. Bajo 
condiciones de afloramiento, la capa superficial es transportada hacia el océano y la 
capa profunda ocupa su espacio impulsada hacia costa. Lo contrario ocurre bajo 
condiciones de hundimiento. En este contexto, las paralarvas de pulpo aprovechan los 
distintos patrones de corrientes para ser transportadas hacia el océano y por eso no hay 
diversidad de tallas. Al contrario, las paralarvas de sepiólidos y loligínidos, aprovechan 
las mismas corrientes para ser retenidos cerca de la costa. Las abundancias medias de 
las paralarvas de cefalópodos se modelaron satisfactoriamente (explicando más del 90% 
de su variabilidad) usando combinaciones de dos variables obtenidas de la 
meteorología, hidrografía y biología de la comunidad de mesozooplancton. Descubrir la 
estrategia vital llevada a cabo por las paralarvas de O. vulgaris, supone un gran avance 
para la comprensión de su etapa planctónica. 
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Running head: Cephalopod paralarvae ecology off Ría de Vigo 
Abstract 
The distributions of Octopus vulgaris, loliginid, sepiolid and ommastrephid 
paralarvae present in the mesozooplankton communities of the Ría de Vigo (NW Spain) 
were studied in relation with the prevailing circulation patterns to examine their 
contrasting life strategies. A total of 630 paralarvae were captured. O. vulgaris 
paralarvae were the most abundant, accounting for 64.4% (n = 406), followed by 
loliginids 22.7% (n = 143), sepiolids 12.3% (n = 77) and only 0.6% of the distinctive 
ommastrephid paralarvae (four “rhynchoteuthion”). At least three loliginid species 
(Alloteuthis media, A. subulata, and Loligo vulgaris), two sepiolids (Sepiola atlantica 
and S. tridens) and two ommastrephids (Todaropsis eblanae and Illex coindetii) may be 
present in the ría. Cephalopod paralarvae mean abundances were proficiently modelled 
using combinations of only two variables derived from the meteorology, hydrography 
and mesozooplankton community. Different dorsal mantle lengths found in loliginids 
and sepiolids, but not in O. vulgaris, together with their opposed vertical distributions 
under the same circulation patterns revealed contrasting life strategies. Loliginid and 
sepiolid displayed a coastal-shelf life cycle by means of behavioural regulation of their 
vertical distribution, retaining them into the coastal and frontal communities. 
Conversely, recently hatched O. vulgaris were washed away by offshore currents to 
undertake an oceanic life cycle. This is the first time that such strategy is described for 
early life stages of merobenthic octopuses, opening a new ecological framework for 
their planktonic stage.  
Key words: cephalopod early life ecology, Octopus vulgaris, loliginids, sepiolids, 
mesozooplankton, Ría de Vigo. 
Chapter 4: Cephalopod paralarvae within zooplankton communities
91
Introduction 
Early stages of cephalopods are scarce in plankton samples due to their high 
growth rate (Mangold and Boletzky, 1973), patchy distribution (Vecchione, 1987), 
seasonal life cycles (Boyle and Ngoile, 1993) and the combination of short-life span 
together with the absence of overlapping between successive generations, which are 
responsible for drastic inter-annual fluctuations (Boyle and Boletzky, 1996). Despite 
their low abundance, many works studied the distribution of cephalopod paralarvae 
coupled with the oceanographic conditions in the Pacific (Bower et al., 1999; Zeidberg 
and Hamner, 2002), South Atlantic (Roberts and Van den Berg, 2002; Roberts, 2005; 
Vidal et al., 2010), Western North Atlantic (Vecchione et al., 1986; Passarella and 
Hopkins, 1991; Diekmann and Piatkowski, 2002) and Eastern North Atlantic (Rocha et 
al., 1999; Collins et al., 2002; González et al., 2005; Otero, 2007; Moreno et al., 2009; 
González et al., 2010). 
In the Eastern North Atlantic, the Ría de Vigo (NW Spain) has been intensively 
surveyed for cephalopod paralarvae since 2000 (González et al., 2005; Otero et al., 
2009). Early life stages of cephalopods, particularly Octopus vulgaris hatchlings, have 
been studied in depth in the Ría de Vigo (Otero, 2007), revealing that environmental 
conditions affecting the paralarval stage explained up to 85 % of the total variance 
found in the adult catch (Otero et al., 2008), and its abundance is linked to hydrographic 
variables (Otero et al., 2009). In addition, the age, growth and mortality of Loligo 
vulgaris paralarvae were assessed from animals collected around the Ría de Vigo 
(González et al., 2010). Finally, the most comprehensive work about cephalopod 
paralarvae distribution (Moreno et al., 2009) was undertaken off the Portuguese coast, 
with the northernmost samples obtained off the Ría de Vigo. 
While oceanography, coupled with behavioural responses (Queiroga et al., 2007), 
is responsible for most of the variability found in the cephalopod paralarvae distribution 
and recruitment (Coelho, 1985; Boyle and Boletzky, 1996; Faure et al., 2000; Moreno 
et al., 2009; Otero et al., 2009), their interactions with the biotic environment greatly 
account for their fluctuations in abundance (Vecchione, 1981; Laughlin and Livingston, 
1982). Consequently, it is crucial to have a complete view of the environment, to 
understand aspects of cephalopod paralarvae ecology scarcely approached, as prey 
selection or community preferences. Apart from predation, starvation is the main cause 
of the high cephalopod paralarval mortality during the planktonic stage (Mangold, 
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1983; Vecchione, 1987; González et al., 2010), as a result from failure of the first 
feeding (Vecchione, 1987) and advection into water masses without enough available 
prey (Faure et al., 2000). These two options may be explained by the same reason: the 
high trophic specificity found in wild O. vulgaris hatchlings, which may hamper their 
survival during the planktonic stage (Roura et al., 2012).  
Although the variability of zooplankton biomass has been used to model the 
variability of cephalopods (Laughlin and Livingston, 1982; Otero et al., 2008), as far as 
we know, the only study integrating zooplankton communities and cephalopod 
paralarvae was addressed by Passarella and Hopkins (1991). For this reason, the 
objectives of the present work are: i) to study the cephalopod paralarvae distribution 
within the mesozooplankton communities found off the Ría de Vigo; and ii) to discern 
how the meteorology, hydrography and mesozooplankton-derived biotic variables 
determine the abundance of the different cephalopod species at the short-time scale. 
These two objectives will help us to clarify the early-life strategies displayed by the 
different cephalopod paralarvae present in the Ría de Vigo. 
Material and Methods 
Mesozooplankton sampling and cephalopod paralarvae sorting 
Ten surveys to collect zooplankton and hydrographic data were undertaken at 
night in the Ría de Vigo (NW Spain, Fig. 1) onboard RV ”Mytilus”, in early summer (2, 
4, 9 and 11 July) and early autumn (26 September, 1, 3, 9, 10 and 14 October) of 2008. 
The sampling dates chosen matched with the mesozooplankton maxima (Otero et al., 
2008), and the two peaks of Octopus vulgaris paralarvae hatchlings (Otero et al., 2009; 
Moreno et al., 2009). Four transects (T2, T3, T4 and T5) parallel to the coast following 
an onshore-offshore depth gradient (26, 68, 85 and 110 m, respectively), were carried 
out on each survey. Two samples were collected on each transect using a 750-mm-
diameter bongo net: an integrated-water column sample collected by double oblique 
towings close to the bottom and a surface sample that was collected at 2-3 meters. 
Plankton samples were fixed with 96% ethanol and stored at -20ºC, to allow DNA 
preservation for dietary analysis (Roura et al., 2012). At the laboratory, the totality of 
the samples were sorted to collect the cephalopod paralarvae, then classified according 
to Sweeney et al. (1992) and our own reference collections. The dorsal mantle length 
(DML) of each cephalopod paralarvae was recorded to the nearest 0.001 mm using the  
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Fig. 1. Sampling area showing the four transects (T2-T5) where mesozooplankton samples were 
collected off the Ría de Vigo (NE Atlantic Ocean). 
 
software NIS-Elements 3.0 connected to a digital camera (Nikon DXM1200F) under a 
binocular (Nikon SMZ800).  
Mesozooplankton composition and relative abundance on each sample was 
determined in subsamples using a Folsom splitter (Omori and Ikeda, 1984). Several 
aliquots of 3 ml were obtained from the subsample with a Stempel pipette, then 
identified and counted until at least 500 individuals were enumerated. Organisms were 
identified under a binocular (Nikon SMZ800) or inverted microscope (Nikon Eclipse 
TS100) to the lower taxonomic level possible (for further details, see Roura et al., 
2013). 
Hydrographical sampling 
A Seabird 9/11 CTD equipped with a WetLabs ECOFL fluorometer and a Seatech 
transmissometer, was deployed at the southern end of each transect to obtain vertical 
profiles of temperature, salinity, chlorophyll-a fluorescence and dissolved oxygen. 
Apparent oxygen utilization (AOU) was calculated subtracting the measured oxygen to 
the saturated oxygen. Furthermore, at the southern end of transect T4 (Fig. 1) a rosette 
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sampler with twelve Niskin bottles (10 litres) was used to collect seawater samples from 
5, 15, 30, 50, 70 and 80 m depth. Nutrient salts and chlorophyll-a were analysed at each 
depth following the protocols described in Otero et al. (2009). Chlorophyll-a measures 
obtained from the rosette were used to calibrate the CTD measures of fluorescence. 
Oceanographic and meteorological data 
Sea surface temperature, wind (10 m above sea level) and surface (3 m depth) 
current speed and direction off the Ría de Vigo were provided by the Seawatch buoy of 
Puertos del Estado (www.puertos.es) located off Cape Silleiro (42º 7.8’N, 9º 23.4’W; 
Fig. 1). Continuous records of water temperature at 4 m depth at the Rande bridge, in 
the inner part of the Ría de Vigo (42º 17.4’N, 8º 39.6’W; Fig. 1), were provided by 
Meteogalicia (www.meteogalicia.es). The sampling area lied between these two 
observatories, thus providing valuable information of the environmental conditions 
before, during and after the mesozooplankton surveys. Daily upwelling index (-Qx, in 
m3s-1km-1) was calculated from the wind data of the Seawatch buoy following Bakun 
(1973). The freshwater input to Ría de Vigo is a combination of regulated and natural 
flows. Daily volume of the Eiras reservoir (which controls 42% of the drainage basin), 
was provided by Augas de Galicia (Galician Government). The natural component of 
Oitabén-Verdugo river flow was estimated according to the empirical method of Rios et 
al. (1992) from the Peinador daily precipitation in the drainage basin, provided by 
http://www.aemet.es. Daily Miño river data (heading 25 km south of Ría de Vigo) was 
provided by the Confederación Hidrográfica Miño-Sil upon request (station 
SAIH/SAICA: E033 (1641) Frieira dam). 
Distribution of cephalopod paralarvae in the mesozooplankton communities   
Mesozooplankton community was examined with multivariate techniques using 
PRIMER6 & PERMANOVA+ software (Anderson et al., 2008). The database was 
screened prior to analysis to select those taxa that appeared at least in 10% of the 
stations, and then transformed using the function log (x + 1) (Legendre and Legendre, 
1998), as a way to reduce the contribution of highly abundant species and to increase 
the weighting of low-abundance species (Clarke and Green, 1988). The Bray–Curtis 
similarity matrix was used to calculate the resemblance matrix among samples. 
Cephalopod paralarvae abundances were plotted into non-constrained principal 
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coordinate analysis (PCO) plots that allowed visualizing their distribution in the 
mesozooplankton communities present in the Ría de Vigo (Roura et al., 2013). Non-
parametric analysis using Mann-Whitney U test, were subsequently conducted to test if 
the cephalopod paralarvae abundances and dorsal mantle length (DML) measures varied 
significantly between the communities defined by Roura et al. (2013) in the Ría de 
Vigo. 
Modelling cephalopod paralarvae abundances 
Three set of variables were considered to model the mesozooplankton community 
structure: i) meteorologic continuous variables: wind-derived upwelling index (-Qx), 
fresh water inputs from the rivers Oitabén-Verdugo (QrOi) and Miño (QrMi); ii) 
hydrographic variables obtained from the CTD casts (temperature, T; salinity, Salt; Chl-
a fluorescence, F; apparent oxygen utilisation, AOU), the rosette (chlorophyll a, Chl-a; 
nitrate, NO3; nitrite, NO2; ammonium, NH4; phosphate, PO4; silicate, SiO4), Silleiro 
observatory (surface temperature, TºSi; East-West component of surface current, u; 
North-South component of surface current, v) and Rande observatory (Surface 
temperature, TºRa) and iii) biological variables obtained from the communities: total 
abundance (N), holoplankton-meroplankton ratio (H/M), richness (S), diversity (H’), 
and, finally, the first three principal components (PC1, PC2 and PC3) obtained from the 
discriminating taxa found in the Ría (Roura et al., 2013). Due to the high numbers of 
taxa identified in the Ría de Vigo (96) we used the taxa that were good in discriminating 
between the 6 different communities present in the Ría. Therefore, the ln (x + 1) of the 
abundances of 28 taxa were used for principal component analysis (PCA). Prior to 
modelling, all variables were tested for collinearity (Spearman correlation matrix) and 
those with determination coefficients (R2) higher than 0.9 were omitted.  
Given that we had two types of data, spatial (collected at each plankton transect/ 
CTD station every survey) and temporal (continuous measurement from meteorologic 
and oceanographic observatories, resumed to a daily frequency for the purposes of this 
work), we transformed them according to their nature. For the spatial variables, the ln (x 
+ 1) of the paralarvae abundances obtained from the 8 bongo net samples collected per 
survey were resumed to a daily average value. The same procedure was applied to the 
environmental variables derived from the CTD and rosette casts. For the variables 
recorded continuously at the Rande and Silleiro observatories, daily averages were 
produced to be comparable with the hydrologic data (volume discharged) from the 
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rivers Oitabén and Miño. These continuous variables were lagged up to four days before 
the survey and identified with subcase letters from 0 to 4 (e.g. -Qx0, -Qx1, -Qx2, -Qx3, -
Qx4). 
Simple linear regression analyses were performed between cephalopod 
abundances and every environmental variable to determine specific effects. Afterwards, 
multiple linear regressions were performed with those variables that showed the highest 
determination coefficients. This allowed understanding how the meteorologic, 
hydrographic, dynamic and biological variables determined cephalopod abundances. 
Furthermore, simple linear regressions were carried out between the abundances of the 
taxa that were detected in the diet of Octopus vulgaris paralarvae (Roura et al., 2012), to 
explore if there was any statistically significant dependence on their abundances. All 
regressions and non-parametric analyses were carried out using STATISTICA v6 
software (StatSoft Inc., Tulsa, USA). 
Results 
Hydrography, dynamics and community structure off the Ría de Vigo  
A detailed description of the hydrography of the Ría de Vigo during the upwelling 
season of 2008 can be found in Roura et al. (2013). Briefly, the main forcing variables 
affecting the hydrography of the Ría de Vigo and adjacent shelf are presented in Figure 
2. Coastal wind direction and intensity (Wx, Wy, Fig. 2a), the wind-derived upwelling 
index (-Qx, Fig. 2b), sea surface currents (u, v, Fig. 2c) and sea surface temperature at 
the Silleiro (offshore) and Rande (inshore) observatories (Fig. 2d) show that surveys 1 
to 4 (from July 2 to 11) were conducted under wind relaxation/downwelling conditions, 
characterised by weak winds of variable direction, a progressive increase of sea surface 
temperature, and northward surface currents, with the exception of the strong 
downwelling-favourable winds recorded on July 4 (Fig. 2a).  
 Conversely, surveys 5 to 10 (conducted from September 26 to October 14) were 
characterised by upwelling-favourable winds (Fig. 2a), that pushed the surface waters 
west-southwestwards (Fig. 2c) and cooled the surface layer sharply (Fig. 2d). The only 
exception corresponded to survey number 10, on October 14, with weak winds of 
southward direction.   
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 Fig. 2. (a) Wind speed and direction (Wx, Wy, m s-1), (b) upwelling index (-Qx, m3.s-1.km-1), (c) 
surface currents recorded at Silleiro Seawatch buoy (u, v) and (d) sea surface temperature (ºC) 
obtained from Silleiro and Rande observatories. Vertical bars indicate the sampling days. 
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Three well-defined zooplankton communities were identified by Roura et al. 
(2013) in the Ría de Vigo: coastal, frontal and oceanic, according to their oceanward 
increase of the holoplankton-meroplankton ratio and decrease of richness and total 
abundance. These communities evolved from July to September-October due to a shift 
from relaxation-downwelling to upwelling-favourable conditions, coupled with taxa 
dependent changes in life cycle strategies. Accordingly, six different communities were 
present during the upwelling season of 2008 off the Ría de Vigo (for more details, see 
Roura et al., 2013). 
Cephalopod paralarvae abundance and distribution 
 A total of 630 paralarvae were collected in 61 out of 80 samples (Table 1). O. 
vulgaris paralarvae were the most abundant accounting for 64.4% (n = 406), followed 
by loliginids 22.7% (n = 143), sepiolids 12.3% (n = 77) and only 0.6% of ommastrephid 
paralarvae (4 rhynchoteuthions). All rhynchoteuthions were found in autumn samples, 
three belonging to the coastal and one to the oceanic community. All O. vulgaris had 
three suckers per arm and can be considered as early hatchlings (Villanueva, 1995). The 
number of paralarvae present on each community as well as their averaged dorsal 
mantle length (DML) and standard deviation are present in Table 1. Cephalopod 
paralarvae length did not vary significantly among communities, sampling periods or 
strata. This result contrasts with DML measured in O. vulgaris, loliginids and sepiolids, 
which ranged from 1.04 - 2.18, 1.12 - 7.91 and 1.24 - 3.82 mm, respectively, 
highlighting the high variability found in the last two.  
 
community  O. vulgaris loliginids sepiolids Rhynchoteuthions 
Sur 18; 1.61 ± 0.11 7; 2.66 ± 1.47 2; 1.53 ± 0.37 0 Coast 
(SC) Col 23; 1.44 ± 0.08 22; 2.01 ± 0.33 23; 1.68 ± 0.25 0 
Sur 13; 1.57 ± 0.17 17; 2.82 ± 1.04 7; 1.97 ± 0.72 0 Front 
(SF) Col 16; 1.40 ± 0.10 23; 2.8 ± 0.55 13; 2.19 ± 0.52 0 
Sur 1; 1.63 0 0 0 
Summer 
Ocean 
(SO) Col 5; 1.51 ± 0.03 0 1; 2.63 0 
Sur 107; 1.52 ± 0.2 19; 2.17 ± 0.57 5; 2.29 ± 0.97 0 Coast 
(AC) Col 80: 1.46 ± 0.14 35; 2.54 ± 0.66 16; 1.56 ± 0.29 3; 1.54 ± 0.09 
Sur 118; 1.53 ± 0.2 4; 2.76 ± 0.59 4; 2.27 ± 0.86 0 Front 
(AF) Col 19; 1.54 ± 0.15 13; 2.37 ± 0.56 6; 2.9 ± 0.17 0 
Sur 0 0 0 0 
Autumn 
Ocean 
(AO) Col 6; 1.49 ± 0.07 3; 3.06 ± 1.56 0 1; 1.21 
 
Table 1. Number of cephalopod paralarvae (in bold) present at each strata (Sur: Surface; Col: 
Column) and community, with averaged DML ± standard deviation in mm. 
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Maximum cephalopod paralarval abundances corresponded to O. vulgaris with 
395 individuals 1000 m-3 found at transect 3 in surface waters (September 26), followed 
by loliginids with 124 individuals 1000 m-3 found at transect 4 in surface (July 11), 
sepiolids with 20 individuals 1000 m-3 at transect 3 in the integrated-water column 
sample (July 9) and, finally, ommastrephid paralarvae with 5 individuals 1000 m-3 at 
transect 3 in the integrated-water column sample (October 3). 
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Fig. 3. Cephalopod paralarvae abundance in the different mesozooplankton communities (SC, 
summer coast; SF, summer front; SO, summer ocean; AC, autumn coast; AF, autumn front; AO, 
autumn ocean), specifying the strata (Sur: Surface; Col: Column). 
 
Independently of the community, loliginids and sepiolids were more abundant in 
the integrated-water column than in surface samples (p < 0.05), while the opposite 
occurred with O. vulgaris, though not significantly (Figs. 3, 4). In detail, O. vulgaris 
was more abundant in the integrated-water column samples in July (except for the 
frontal community) and in surface samples during September-October (except for the 
oceanic community), while loliginids and sepiolids were more abundant in the 
integrated-water column samples of both sampling periods. Cephalopod paralarvae were 
nearly absent in the oceanic community, specifically at the surface samples where a 
single O. vulgaris paralarva was found (Figs. 3, 4). 
Non-parametric analyses of cephalopod paralarvae distributions, showed higher 
Octopus vulgaris abundances in the coastal than oceanic communities marginally 
significant in July (p = 0.069) and significant in September-October (p < 0.05). 
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Fig. 4. PCO plot showing the different mesozooplankton communities present in the Ría de 
Vigo (abbreviated as: SC, summer coast; SF, summer front; SO, summer ocean; AC, autumn 
coast; AF, autumn front; AO, autumn ocean) with the distribution and abundance of Octopus 
vulgaris, loliginids and sepiolids found in the surface (a, b, c) and water column samples (d, e, 
f). 
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Altogether, there were more O. vulgaris in September-October than in July (p < 0.01). 
Loliginids and sepiolids were more abundant in the coastal and frontal than in the 
oceanic community in both sampling periods (p < 0.01), being almost absent in the 
oceanic samples (Table 1, Fig. 4). 
Modelling cephalopod paralarvae 
Three PCs were retained from the PCA using the discriminating mesozooplankton 
taxa matrix (Fig. 5). The highest negative loadings on PC1, explaining 38.55% of the 
variability, corresponded to Paraeuchaeta hebes, salps, adults of Nyctiphanes couchii, 
and Paraeuchaeta spp. These taxa appear in oceanic waters (Williams et al., 1994), 
while the highest positive loadings corresponded to larvae of coastal species: cirripeds, 
crab zoeae, gastropods and ofiurids. Therefore, PC1 axis represents the coastal-oceanic 
gradient or the horizontal transport.  
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Fig. 5. PCA results showing the loadings of the discriminating mesozooplankton on the first 3 
axes of variability. a) PC1 versus PC2 and b) PC1 versus PC3. Zooplankton species 
abbreviations in the appendix. 
 
PC2 explains 14.45% of the variability and those taxa with the highest positive 
scores (chaetognaths, siphonophores and Oithona spp.) are tightly linked with 
September-October upwelled waters (Blanco-Bercial et al., 2005; Roura et al., 2013). 
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On the other hand, the highest negative scores corresponded to taxa (Centropages 
chierchiae, crab megalopae, Calanoides carinatus, Calanus helgolandicus), whose 
abundances were higher under relaxation-downwelling periods in the July surveys. 
Consequently, negative values of PC2 were linked with July relaxation-downwelled 
waters, while positive values were linked to September-October upwelled waters. PC3 
explains 7.27% of the variability and is somehow linked with the strata sampled, with 
positive values corresponding with taxa more abundant in the integrated-water column 
samples (Mysidacea, Paraeuchaeta sp.) and negative values corresponding to taxa more 
abundant in surface samples (Paracalanus parvus, calyptopis of N. couchii). 
A summary of the simple linear regression coefficients between the paralarvae 
averaged abundances and the three different sets of variables, is presented in Table 2. 
The significant relationships found for O. vulgaris mean abundances pointed to: i) a 
positive relationship with the upwelling intensity (-Qx0 and -Qx1); ii) a negative 
relationship with the North-South component of the surface current recorded by the 
Silleiro buoy from 1 to 4 days before the paralarvae survey (v1-v4); and iii) a positive 
relationship with AOU, Chl-a fluorescence (F), sea surface temperature recorded at 
Silleiro 3 and 4 days before the survey (TºSi3, TºSi4) and the principal component 
number two (PC2) obtained from the discriminating zooplankton matrix (whose 
positive values show taxa positively related with the upwelling events of September-
October). 
 
Var. 
O. vulgaris 
R2 
-Qx0 
0.72 
-Qx1 
0.64 
v1 
-0.57 
v2 
-0.62 
v3 
-0.71 
v4 
-0.77 
TºSi3 
0.62 
TºSi4
0.68
F 
0.68 
AOU 
0.71 
Chl a 
0.61 
SiO4 
-0.55 
PC2 
0.79  
Var. 
loliginids 
R2 
QrMi4 
-0.36 
TºSi0 
0.37 
F 
-0.38 
H/M 
0.93           
Var. sepiolids 
R2 
v4 
0.63 
TºSi0 
0.88 
TºSi1 
0.87 
TºSi2 
0.84 
TºSi3 
0.74 
Tº 
0.63 
Salt 
0.38 
F 
-0.67
AOU
-0.59
Chl a 
-0.72 
NO3 
-0.62 
NO2 
-0.45 
PO4 
-0.6 
PC3 
0.79 
 
Table 2. Results of the simple regressions between Octopus vulgaris, loliginid and sepiolid 
averaged abundances against the meteorological, hydrological and biotic variables, showing the 
sign of the relationship and the determination coefficients (R2, those in bold are significant at 
the 0.05 level). See “Materials and methods” for abbreviations. 
 
Loliginid mean abundances were positively correlated with TºSi0, and the 
holoplankton-meroplankton ratio (H/M), while negatively correlated with F and QrMi4, 
which evidenced their proclivity for relaxation-downwelling conditions of July (Table 
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2). Sepiolid mean abundances were positively correlated with v4, TºSi0, TºSi1, TºSi2, TºSi3, 
Tº, Salt, PC3 and negatively correlated with F, AOU, Chl a, NO3, NO2 and PO4, thus, 
showing high preference for relaxation-downwelling conditions found in July (Table 2).  
 
 
 Var. Var. F(2,5) p R2 Adj R2 
O. vulgaris v4 -0.586 
-Qx0 
0.522 58.381 0.0003 0.959 0.943 
loliginids H/M 0.874 
QrMi4 
-0.193 53.785 0.0004 0.956 0.938 
sepiolids TºRa0 0.852 
-Qx2 
-0.228 31.225 0.0015 0.926 0.896 
 
Table 3. Multiple regression results showing the variables (Var., in bold those that were 
significant at the 0.05 level) that better explained the Octopus vulgaris, loliginid and sepiolid 
mean abundances, the F-statistic, the overall goodness of fit of the model (p), the correlation 
coefficient (R2) and the adjusted correlation coefficient (Adj R2). 
 
Table 3 show the group of variables that better explained the variability found in 
paralarval mean abundances with explicative powers (R2) ranging from 93 to 96% and 
predictive powers (adjusted R2) from 90 to 94%. Multiple regression models obtained 
successfully met the requirements of homocedasticity and normality of residues, 
absence of residues self-correlations and independency of explicative variables. A 
summary of how the environment (meteorology, hydrography and biology) accounts for 
the cephalopod paralarvae mean abundances is shown in Fig. 6.  
Simple regressions between the abundance of O. vulgaris and their prey revealed 
that crab megalopae and juveniles, together with fish larvae were inversely correlated 
(Table 4). This negative relationship could be interpreted as predator-prey interactions, 
although the increased abundance of these taxa in coastal and frontal summer 
communities reveals that their distribution is antagonistic to that of O. vulgaris (Roura 
et al., 2013). It is worth noting that, whereas Pisidia longicornis zoea and the larval 
stages of Nyctiphanes couchii are determined at the species level, the rest of the taxa 
present in Table 4 correspond to heterogeneous groups of species with different habitats 
and spawning strategies. This taxonomical bias might be masking the specific 
relationships that could have been obtained, if we have had the abundance of all species 
detected in O. vulgaris paralarvae. 
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 Calyptopis 
N. couchii 
Furcilia 
N. couchii 
Zoeae 
brachyura 
Megalopae 
brachyura 
Juvenile 
brachyura 
Zoeae 
paguridae 
Zoeae 
crangonidae 
Zoeae 
Pisidia 
longicornis 
Zoeae 
processidae 
Zoeae 
alpheidae 
Fish 
larvae 
β 
O. vulgaris 
R2 
0.49 
0.24 
0.31 
0.09 
-0.32 
0.1 
-0.84 
0.7 
-0.81 
0.65 
0.14 
0.02 
0.44 
0.2 
-0.35 
0.12 
0.57 
0.32 
-0.64 
0.4 
-0.87 
0.76 
 
Table 4. Results of the simple regressions between the Octopus vulgaris paralarvae averaged 
abundances and the prey constituting their diet, showing the β-coefficients (those in bold are 
significant at the 0.05 level) and the determination coefficients (R2). 
Discussion 
 We explored herein the short-term environmental influences on the distribution 
and abundance of cephalopod paralarvae present in the Ría de Vigo during the 
upwelling season. It was carried out by means of quantitative variables belonging to 
three essential components of the environment: meteorology, hydrography and 
zooplankton community. This integrative approach allowed advancing on the ecology 
of the cephalopod paralarvae of this area, explaining more than 90% of the variability 
found in paralarval abundances with combinations of two environmental variables. 
Understanding the environment as a whole is basic for the study of paralarval ecology 
(Passarella and Hopkins, 1991; Diekmann and Piatkowski, 2002; Zeidberg and Hamner, 
2002; Roberts, 2005; Moreno et al., 2009; Vidal et al., 2010). However, an essential 
part of its ecology is overlooked in these analyses since other indirect influences like 
mortality, as a result of predation, starvation or disease, are very difficult to determine 
in wild specimens (Vecchione, 1999; Boletzky, 2003). Both direct and indirect 
influences determine juvenile recruitment, which is basic to study the biology of 
exploited cephalopods (Clarke, 1996; Rodhouse et al., 1998).  
O. vulgaris was the only cephalopod paralarvae accurately classified because 
identification of loliginids, sepiolids and ommastrephids is more difficult due to the 
absence of accurate guides (Sweeney et al., 1992). Genetic identifications of Sepiola 
atlantica and S. tridens, and Alloteuthis media, A. subulata and Loligo vulgaris in 
Galician and Portuguese coastal waters suggest their presence in the Ría de Vigo 
(Roura, 2013). The most abundant ommastrephid species in Galician waters are Illex 
coindetii and Todaropsis eblanae (González et al., 1996) and thus, the rhynchoteuthion 
we found probably belong to these species. All rhynchoteuthion larvae were collected in 
autumn communities off the Ría de Vigo and were early hatchlings, which coincide 
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with the reproductive strategy of these two species in Galician waters (Rasero, 1994; 
González et al., 1996) and with their distribution (Rocha et al. 1999; Moreno et al., 
2009).  
 
 
 
   
 
Fig. 6. Flow diagram showing how the meteorology, hydrography and biology determine the 
mean abundance of the different cephalopod paralarvae. 
 
The paralarvae collected in this study belonged to common species present in 
NW Iberian waters (Rocha et al. 1999; González et al., 2005; Moreno et al., 2009; 
Otero et al., 2009), which display a neritic life style as adults (Guerra, 1992). Moreover, 
dorsal mantle length (DML) measurements recorded in the former studies were in 
accordance with those obtained herein, with the exception of Moreno et al. (2009), who 
recorded larger O. vulgaris, sepiolid and ommastrephid paralarvae. We obtained the 
highest ratio of paralarvae per sample processed (7.88) far from the 0.22 - 2.6 
previously found (Rocha et al., 1999; González et al., 2005; Otero, 2007; Moreno et al., 
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2009). It is important to underline that previous works were mainly carried out during 
daylight and with different sampling gears.  
Samples analysed by Collins et al. (2002) around the British Islands show a 
different cephalopod paralarval assemblage, although they found the same neritic 
species we obtained except O. vulgaris. Instead, they found paralarvae of the octopod 
Eledone cirrhosa, which have never been found at lower latitudes. The lack of O. 
vulgaris paralarvae around the English Channel, the northernmost area of distribution of 
this species (Guerra et al., 2010), seems to be a consequence of the sampling schedule 
(January), because O. vulgaris paralarvae are present at the English Channel from June 
to September (Rees and Lumby, 1954).   
Our work was carried out during the upwelling season, which occurs in NW 
Spain from May to October, characterised by a succession of wind-stress episodes 
followed by calm periods, with a frequency from 10 to 20 d (Álvarez-Salgado et al., 
2003). In this context, the topography of the Rías Baixas (McClain et al., 1986) together 
with the continental fresh water runoff enhance the upwelling locally, producing a 
pressure gradient that drives surface outflow/inflow and deep inflow/outflow during 
upwelling/downwelling conditions (Blanton et al., 1987). This circulation pattern is 
even more complex around the Ría de Vigo, because of the partial blockage by the Cíes 
Islands at the mouth of this embayment, promoting lateral circulations that overlay with 
the typical estuarine two-layer circulation resulting in a complex three-dimensional 
dynamics (Souto et al., 2003; Gilcoto et al., 2007). Considering this complex physical 
environment and coupling it with the vertical and horizontal distribution of paralarvae 
found in this study, it is possible to depict the different life cycles followed by the 
cephalopod early stages in the Ría de Vigo. 
Coastal-shelf life cycle 
Members of the subfamily Sepiolinae are considered to have a holobenthic life 
cycle (sensu Boletzky, 2003) with their hatchlings displaying higher swimming activity 
than the benthic adults. Nonetheless, nearly all the sepiolids collected in the water 
column were early hatchlings (Table 1) suggesting a merobenthic life cycle instead of 
holobenthic at night. This finding agrees with Yau and Boyle (1996), who suggested 
that S. atlantica juveniles above 4.0 mm DML probably settle to a benthic life. Daytime 
samplings are needed to test the presence of these early life stages in the water column, 
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which would confirm their merobenthic life cycle. The water column distribution of 
these animals coupled with the physical environment of the ría (Souto et al., 2003; 
Gilcoto et al., 2007), suggesting their retention in coastal waters with alongshore 
transport. This advection could explain the sharp decrease in juvenile abundance during 
summer months at the northern side of the outer part of the Ría de Vigo (Rodrigues et 
al., 2011). 
This advective process during the juvenile stage would help to understand why a 
species with limited displacement capability is able to keep the genetic connectivity 
across a wide area of distribution. In the case of S. atlantica it extends from Iceland and 
the North Sea (Reid and Jereb, 2005; Groenenberg et al., 2009) to mid Moroccan waters 
(Roura, 2013). The distribution of S. tridens is very similar to that of S. atlantica, 
although its meridional limit is around 41ºN (Roura, 2013). Morphologically, juveniles 
of both species cannot be separated with certainty, except that S. tridens inhabits deeper 
waters (average depth 80 m) than S. atlantica (average depth 37 m) (de Heij and Goud, 
2010). Therefore, we suspect that the sepiolids found in the coastal communities of the 
Ría de Vigo likely correspond to S. atlantica, and those found in the frontal 
communities would be a mix of both species. 
 A similar life cycle was displayed by loliginid paralarvae. Loliginid vertical and 
horizontal distributions were quite similar to that observed for sepiolids, suggesting a 
similar life strategy closely linked to shallow waters and alongshore transport, as found 
by Moreno et al. (2009). Furthermore, the wide range of DML suggests that loliginid 
paralarvae are successfully retained near the coast where they develop and grow (Rocha 
et al., 1999; Zeidberg and Hamner, 2002; González et al., 2005; Moreno et al., 2009). 
This variability may also be the result of different species of loliginids. In fact, genetic 
analysis of loliginid paralarvae found along the northwestern Iberian shelf identified 
three species: Alloteuthis media, A. subulata and Loligo vulgaris (Roura, 2013). 
This coastal-shelf merobenthic cycle is reinforced by their distribution in the 
mesozooplankton communities (Fig. 4b, e). Loliginids were more abundant in the 
frontal community under relaxation-downwelling events, due to the offshore transport 
of the water column. However, most of the loliginids appeared in the coastal community 
under upwelling events in September-October, due to the inshore transport of the water 
column. Although Moreno et al. (2009) suggested that the vertical migration of 
loliginids coupled with the circulation patterns would retain them over the spawning 
grounds in summer, such a hypothesis was not sustained by the vertical distribution 
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found for L. vulgaris, which was in surface layers at night and deeper during daylight. 
However, it is important to note that these authors stated that this vertical distribution 
was based only on few number of paralarvae. In contrast, our study, carried out at night 
in the Ría de Vigo, showed that the abundance of loliginid paralarvae was significantly 
higher in the water column than at the surface throughout the period studied, which 
allows sustaining the coastal retention hypothesis for loliginid paralarvae. 
High correlation between the mean abundance of loliginids and the ratio 
between holoplankton/meroplankton was found (R2 = 0.93), suggesting that the 
paralarvae are more abundant in communities where the holoplankton fraction is most 
important. This fact may be explained by food preferences since loliginid paralarvae 
feed on copepods (Chen et al., 1996; Venter et al., 1999), which are the main 
component of the holoplankton found in the Ría de Vigo together with euphausiids 
(Roura et al., 2013). This agrees with the results of Roberts (2005), who suggested that 
chokka squid (L. vulgaris reynaudii) paralarvae are transported 200 km westward from 
their spawning grounds to a cold ridge optimal for paralarvae predation on copepods 
(also called the “westward transport hypothesis”). In the Ría de Vigo, the vertical 
distribution of loliginid paralarvae allow their retention in coastal and frontal 
communities, where they benefit from the advection of holoplankton-rich oceanic 
communities as a consequence of the physical forcings.  
Oceanic life cycle 
The most intriguing finding of this work was that all Octopus vulgaris 
paralarvae (n = 406) were early hatchlings, with only three suckers per arm, which 
means less than ten days of life (Villanueva, 1995). To date, all the paralarvae found in 
the Ría de Vigo (n = 584) collected during 2003-2005 (Otero, 2007), and the 107 
paralarvae collected during 2000-2001 (González et al., 2005), were also early 
hatchlings as noted by Villanueva and Norman (2008). The arising questions are, how it 
is possible a complete absence of paralarvae with more than 3 suckers per arm among 
the 1097 O. vulgaris captured from 2000 to 2008? Does the Ría de Vigo act as a 
hatchery and paralarvae are washed away afterwards?  
Looking at the distribution patterns of the three main cephalopod paralarvae 
found in the Ría de Vigo (Fig. 4), it seems that they are roughly the same. However, a 
tiny difference in the vertical distribution of O. vulgaris paralarvae (Fig. 3) resulted in 
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an opposite life strategy to that of sepiolids and loliginids under the same circulation 
patterns. While O. vulgaris were more abundant in the water column during the July 
surveys under relaxation-downwelling, they were significantly more abundant in surface 
waters under the upwelling conditions of the September-October surveys. In both cases, 
the octopus paralarvae were washed out from the ría due to the offshore currents. 
Furthermore, the increased numbers of O. vulgaris present in the coastal community of 
September-October were advected by the surface outflow, concentrating them in the 
surface of the frontal community (Table 1, Fig. 4a). In this context, the Ría de Vigo is 
acting as a hatchery for O. vulgaris. The early stages couple their vertical behaviour 
with the circulation in the Ría de Vigo under upwelling/downwelling events and are 
washed-out offshore. 
As well as the intermittency of upwelling/downwelling events coupled with the 
vertical migration patterns are important mechanisms to retain larvae inshore (Santos et 
al., 2004; Shanks and Brink, 2005; dos Santos et al., 2008), opposite vertical migrations 
transport the larvae offshore. Inshore crustacean larvae (Necora puber or Carcinus 
maenas) experienced larger along-shore rather than cross-shelf transport, retaining the 
larvae less than 10 km in the inner shelf parallel to the coast of Portugal (dos Santos et 
al., 2008). On the other hand, shelf species (Atelecyclus rotundatus, Liocarcinus spp. or 
Anapagurus spp.) appear widely distributed over the shelf (10-20 km) suggesting a 
greater cross-shelf rather than alongshore transport (dos Santos et al., 2008). 
Consequently, a behavioural change in vertical distribution under the same 
oceanographic conditions, leads to different horizontal distributions, as found for the 
different cephalopod paralarvae of the Ría de Vigo.  
The oceanic life cycle of O. vulgaris suggested, contrasts with the coastal-shelf 
life cycle previously pointed out for Iberian waters (Rocha et al., 1999; González et al., 
2005; Otero et al., 2007; Moreno et al., 2009). Nonetheless, the oceanic hypothesis 
suitably explains the absence of octopus paralarvae with more than three suckers in the 
Ría de Vigo, as well as off the Iberian shelf. Another fact reinforcing the oceanic 
hypothesis is that mean abundance of O. vulgaris was positively correlated with the 
upwelling index (Table 2). Namely, this seems to be a consequence of coupling their 
hatchling with upwelling events (Rocha et al., 1999; Otero et al., 2008; Moreno et al., 
2009). If the upwelling event is strong, it produces a decrease in the paralarval 
abundance, since the surface outflow washes-out the paralarvae, as noted by Rocha et 
al. (1999). Moreno et al. (2009) also found that the abundance of O. vulgaris paralarvae 
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over the shelf was higher during the upwelling season, but near the shore during the 
convergence time (November-March). The hypothesis suggested by Moreno et al. 
(2009) that the advected paralarvae could be retained in the double frontal system, 
present in the wide north-west continental shelf of the Iberian Peninsula (Peliz et al., 
2002), as demonstrated for other organisms (Castro et al., 1997; Santos et al., 2004), is 
not clearly sustained by their samplings. Thus, the absence of large paralarvae in this 
retention area supports our hypothesis of the oceanward advection of octopus paralarvae 
off-shelf.  
Overall, we suggest that O. vulgaris paralarvae have an early life cycle linked 
with the oceanic realm, contrary to the coastal-shelf strategy of sepiolids and loliginids. 
This suggestion was confirmed by means of lagrangian experiments following a 
filament of upwelled water towards the ocean, which revealed that O. vulgaris 
paralarvae were advected offshore by the filament (up to 200 km from the coast), 
increasing in size significantly towards the ocean (Roura, 2013). This evidence supports 
the oceanic life cycle of O. vulgaris. This is the first time that such strategy is described 
among merobenthic (sensu Boletzky, 2003) octopuses of the family Octopodidae with 
planktonic paralarvae (reviewed in Villanueva and Norman, 2008). 
After that growing period in the oceanic waters, we propose two alternative but 
not mutually exclusive hypotheses. The first one is that pre-settlement octopuses 
undertake the inverse transport to their coastal habitats benefited by the opposite 
oceanographic conditions present in the downwelling season from late autumn to early 
spring (Arístegui et al., 2009). This is based in the presence of grown paralarvae, up to 
18 suckers per arm, in the Seto Inland Sea (Japan) during the months of October - 
December 1997 and 1998 (Sakaguchi et al., 1999). The alternative, based in the absence 
of grown paralarvae in western Iberian Peninsula since 1986, suggest that the young 
octopods directly settle offshore and afterwards, they migrate towards the coastal areas 
benefitting from bottom currents.   
Further efforts are needed to shed light on the ecology of cephalopod early life 
stages in the Ría de Vigo. Genetic analyses are mandatory to identify loliginid, sepiolid 
and ommastrephid paralarvae. This approach will enable a much more thorough 
understanding of development and morphometric changes associated with growth and 
life in the plankton. This approach, in combination with high-resolution photography, 
will enable development of comprehensive species identification keys, essential to 
avoid potential oversimplification of the diversity of taxa represented in plankton 
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samples. Additionally, plankton samplings are needed during the downwelling season to 
reach a better understanding of cephalopod paralarval ecology in this coastal upwelling 
system.  
Acknowledgements 
We are indebted to the captain, crew and technicians of R/V “Mytilus” (IIM, 
CSIC Vigo), for their assistance in collecting the zooplankton samples and 
hydrographic data. We acknowledge the enormous patience of Félix Álvarez as well as 
Mariana Rivas, Mº Teresa Fernández, Alexandra Castro, Juán Hernández and other 
volunteers that helped to find cephalopod paralarvae. Vanesa Vieitez performed the 
nutrient and María J. Pazó the chlorophyll-a analyses. We would like to thank Silvia 
Piedracoba and Puertos del Estado, MeteoGalicia, Augas de Galicia and the 
Confederación Hidrográfica Miño-Sil for providing the meteorological and 
hydrographic data. This study was supported by the projects CAIBEX (Spanish 
Ministry of Innovation and Science CTM2007-66408-C02), LARECO (CTM2011-
25929), FEDER Funds and the first author by a JAE-pre grant (CSIC) cofinanced with 
Fondo Social Europeo (ESF) funds. 
References 
Álvarez-Salgado XA, Beloso S, Joint I, Nogueira E, Chou L, Pérez FF, Groom S, Cabanas JM, 
Rees AP, Elskens M (2002) New production of the NW Iberian shelf during the upwelling 
season over the period 1982-1999. Deep-Sea Res Part I 49:1725-1739 
Álvarez-Salgado XA, Figueiras FG, Pérez FF, Groom S, Nogueira E, Borges AV, Chou L, 
Castro CG, Moncoiffé G, Ríos AF, Miller AEJ, Frankignoulle M, Savidge G, Wollast R 
(2003) The Portugal coastal counter current off NW Spain: new insights on its 
biogeochemical variability. Prog Oceanogr 56:281-321 
Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA+ for PRIMER: Guide to software 
and statistical methods. PRIMER-E, Plymouth, UK 
Arístegui J, Barton ED, Álvarez-Salgado XA, Santos AMP, Figueiras FG, Kifani S, Hernández-
León S, Mason E, Machú E, Demarcq H (2009) Sub-regional ecosystem variability in the 
Canary Current upwelling. Prog Oceanogr 83:33-48 
Bello G, Biagi V (1995) How benthic are sepiolids? In: Boletzky S (ed) Mediterranean 
Sepiolidae. Musée Océanographique, Monaco.  
Roura, 2013: Ecology of planktonic paralarvae
112
Blanco-Bercial L, Álvarez-Marqués F, Cabal JA (2006) Changes in the mesozooplankton 
community associated with the hydrography off the northwestern Iberian Peninsula. ICES J 
Mar Sci 63:799-810 
Blanton JO, Tenore KR, Castillejo F, Atkinson LP, Schwing FB, Lavin A (1987) The 
relationship of upwelling to mussel production in the Rías on the western coast of Spain. J 
Mar Res 45:497-511 
Boletzky Sv (2003) Biology of early life stages in cephalopod molluscs. Adv Mar Biol 44:143-
203 
Bower JR, Nakamura Y, Mori K, Yamamoto J, Isoda Y, Sakurai Y (1999) Distribution of 
Todarodes pacificus (Cephalopoda: Ommastrephidae) paralarvae near the Kuroshio off 
southern Kyushu, Japan. Mar Biol 135:99-106 
Boyle PR, Ngoile MA (1993) Assessment of maturity stage and seasonality of reproduction in 
Loligo forbesi  (Cephalopoda: Loliginidae) from Scottish water. In: Okutani T, O'Dor RK, 
Kubodera T (eds) Recent Advances in Cephalopod Fisheries Biology. Tokai University 
Press, Tokyo 
Boyle PR, Boletzsky Sv (1996) Cephalopod populations: definition and dynamics. In: Clarke 
MR (ed) The role of cephalopods in the world's oceans. Phillosophical Transactions of the 
Royal Society of London, Series B, London 
Castro CG, Álvarez-Salgado XA, Figueiras FG, Fraga Rodríguez F, Pérez FF (1997) Transient 
hydrographic and chemical conditions affecting microplankton populations in the coastal 
transition zone of the Iberian upwelling system (NW Spain) in September 1986. J Mar Res 
55:321-352 
Chen DS, VanDykhuizen G, Hodge J, Gilly WF (1996) Ontogeny of copepod predation in 
juvenile squid (Loligo opalescens). Biol Bull (Woods Hole) 190:69-81 
Clarke MR (1996) The role of cephalopods in the world's oceans: an introduction. In: Clarke 
MR (ed) The role of cephalopods in the world's oceans. Phillosophical Transactions of the 
Royal Society of London, Series B, London. 
Clarke KR, Green RH (1988) Statistical design and analysis for a "biological effects" study. 
Mar Ecol Prog Ser 46:213-226 
Coelho ML (1985) Review of the influence of oceanographic factors on cephalopod distribution 
and life cycles. NAFO Scientific Council Studies 9:47-57 
Collins MA, Yau C, Boyle PR, Friese D, Piatkowski U (2002) Distribution of cephalopods from 
plankton surveys around the British Isles. Bull Mar Sci 71:239-254 
de Heij A, Goud J (2010) Sepiola tridens spec. nov., an overlooked species (Cephalopoda, 
Sepiolidae) living in the North Sea and north-eastern Atlantic Ocean. Basteria 74(1-3): 51-62 
Diekmann R, Piatkowski U (2002) Early life stages of cephalopods in the Sargasso Sea: 
distribution and diversity relative to hydrographic conditions. Mar Biol 141:123-130 
Chapter 4: Cephalopod paralarvae within zooplankton communities
113
dos Santos A, Santos A, Conway D, Bartilotti C, Lourenço P, Queiroga H (2008) Diel vertical 
migration of decapod larvae in the Portuguese coastal upwelling ecosystem: implications for 
offshore transport. Mar Ecol Prog Ser 359:171-183 
Faure V, Inejih CA, Demarcq H, Cury P (2000) The importance of retention processes in 
upwelling areas for recruitment of Octopus vulgaris: the example of the Arguin Bank 
(Mauritania). Fish Oceanogr. 9:343-355 
González AF, Guerra A (1996) Reproductive Biology of the shot-finned squid  Illex coindetii ( 
Cephalopoda : Ommastrephilae) of the Northeasten Atlantic. Sarsia 81:107-118 
González AF, Otero J, Guerra A, Prego R, Rocha F, Dale AW (2005) Distribution of common 
octopus and common squid paralarvae in a wind-driven upwelling area (Ria of Vigo, 
northwestern Spain). J Plankton Res 27:271-277 
González AF, Otero J, Pierce GJ, Guerra A (2010) Age, growth, and mortality of Loligo 
vulgaris wild paralarvae: implications for understanding of the life cycle and longevity. 
ICES J Mar Sci 67:1119-1127 
Groenenberg DSJ, Goud J, De Heij A, Gittenberger E (2009) Molecular phylogeny of North Sea 
Sepiolinae (Cephalopoda: Sepiolidae) reveals a overlooked Sepiola species. J Molluscan 
Stud 75:361-369 
Guerra A (1992) Mollusca, Cephalopoda. In: Ramos MA (ed.) Fauna Ibérica. Museo Nacional 
de Ciencias Naturales, Madrid 
Guerra A, Roura A, González AF, Pascual S, Cherel Y, Pérez-Losada M (2010) Morphological 
and genetic evidence that Octopus vulgaris Cuvier, 1797 inhabits Amsterdam and Saint Paul 
Islands (souther Indian Ocean). ICES J Mar Sci 67:1401-1407 
Laughlin RA, Livingston RJ (1982) Environmental and trophic determinants of the 
spatial/temporal distribution of the brief squid (Lolliguncula brevis) in the Apalachicola 
Estuary (North Florida, USA). Bull Mar Sci 32:489-497 
Legendre P, Legendre L (1998) Numerical Ecology. Elsevier, Amsterdam 
Mangold-Wirz K (1963) Biologie des Céphalopodes bentiques et nectoniques de la Mer 
Catalane. Vie Milieu suppl. 13:1-285 
Mangold K, Boletzky Sv (1973) New data on reproductive biology and growth of Octopus 
vulgaris. Mar Biol 19:7-12 
Mangold K (1983) Octopus vulgaris. In: Boyle PR (ed.) Cephalopod Life Cycles. Academic 
Press, London 
McClain CR, Chao SY, Atkinson LP, Blanton JO, Castillejo F (1986) Winddriven upwelling in 
the vicinity of Cape Finisterre, Spain. J Geophys Res 91:8470–8486 
Moreno A, dos Santos A, Piatkowski U, Santos AMP, Cabral H (2009) Distribution of 
cephalopod paralarvae in relation to the regional oceanography of the western Iberia. J 
Plankton Res 31:73-91 
Roura, 2013: Ecology of planktonic paralarvae
114
Omori M, Ikeda T (1984) Methods in marine zooplankton ecology. John Wiley & Sons, New 
York 
Otero J (2007) Ecología del pulpo común (Octopus vulgaris Cuvier, 1797) en un área de 
afloramiento costero (Galicia, NE Atlántico). PhD, Universidad de Vigo, Spain 
Otero J, Álvarez-Salgado XA, González AF, Miranda A, Groom SB, Cabanas JM, Casas G, 
Wheatley B, Guerra A (2008) Bottom-up control of common octopus Octopus vulgaris in 
the Galician upwelling system, northeast Atlantic Ocean. Mar Ecol Prog Ser 362:181-192 
Otero J, Álvarez-Salgado X, González A, Gilcoto M, Guerra A (2009) High-frequency coastal 
upwelling events influence Octopus vulgaris larval dynamics on the NW Iberian shelf. Mar 
Ecol Prog Ser 386:123-132 
Passarella KC, Hopkins TL (1991) Species composition and food habits of the micronektonic 
cephalopod assemblage in the eastern Gulf of México. Bull Mar Sci 49:638-659 
Peliz Á, Rosa TL, Santos AMP, Pissarra JL (2002) Fronts, jets, and counter-flows in the 
Western Iberian upwelling system. J Mar Syst 35:61-77 
Queiroga H, Cruz T, dos Santos A, Dubert J, González-Gordillo JI, Paula J, Peliz Á, Santos 
AMP (2007) Oceanographic and behavioural processes affecting invertebrate larval dispersal 
and supply in the western Iberia upwelling ecosystem. Progr Oceanogr 74:174-191 
Rasero M (1994) Relationship between cephalopod abundance and upwelling: the case of 
Todaropsis eblanae (Cephalopoda: Ommastrephidae) in Galician waters (NW Spain). ICES 
CM K:20 
Rees WJ, Lumby JR (1954) The abundance of Octopus in the English Channel. J Mar Biol Ass 
UK 33:515-536 
Reid A, Jereb P (2005) Family Sepiolidae. In: Jereb P, Roper CFE (eds.) Cephalopods of The 
World. An Annotated and Illustrated Catalogue of Species Known to Date. Chambered 
Nautiluses and Sepioids (Nautilidae, Sepiidae, Sepiolidae, Sepiadariidae, Idiosepiidae and 
Spirulidae). FAO Species Catalogue for fishery Purposes, Rome 
Ríos AF, Nombela MA, Pérez FF, Rosón G, Fraga F (1992) Calculation of runoff to an estuary. 
Ría de Vigo. Sci Mar 56:29-33 
Rocha F, Guerra A, Prego R, Piatkowski U (1999) Cephalopod paralarvae and upwelling 
conditions off Galician waters (NW Spain). J Plankton Res 21:21-33 
Roberts MJ, van den Berg M (2002) Recruitment variability of chokka squid (Loligo vulgaris 
reynaudii) role of currents on the Agulhas Bank (South Africa) in paralarvae distribution and 
food abundance. Bull Mar Sci 71:691-710 
Roberts MJ (2005) Chokka squid (Loligo vulgaris reynaudii) abundance linked to changes in 
South Africa's Agulhas Bank ecosystem during spawning and the early life cycle. ICES J 
Mar Sci 62:33-55 
Chapter 4: Cephalopod paralarvae within zooplankton communities
115
Rodhouse PG, Dawe EG and O'Dor RK (1998) Squid Recruitment Dynamics - The Genus Illex 
as a Model, the Commercial lllex Species and Influences on Variability. FAO Fisheries 
Technical Paper 376:1-273. 
Rodrigues M, Garci ME, Troncoso JS, Guerra Á (2011) Seasonal abundance of the Atlantic 
bobtail squid Sepiola atlantica in Galician waters (NE Atlantic). Mar Biol Res 7:812-819 
Roura Á, González Á, Redd K, Guerra Á (2012) Molecular prey identification in wild Octopus 
vulgaris paralarvae. Mar Biol 159:1335-1345 
Roura Á, Álvarez-Salgado XA, González AF, Gregori M, Rosón G, Guerra A (2013) Short-time 
meso-scale variability of mesozooplankton communities in a coastal upwelling system (NW 
Spain). Prog Oceanogr 109: 18-32. 
Roura Á (2013) Ecology of planktonic cephalopod paralarvae in coastal upwelling systems. 
PhD, Universidad de Vigo, Spain. 
Santos AMP, Peliz A, Dubert J, Oliveira PB, Angélico MM, Ré P (2004) Impact of a winter 
upwelling event on the distribution and transport of sardine (Sardina pilchardus) eggs and 
larvae off western Iberia: a retention mechanism. Cont Shelf Res 24:149-165 
Shanks AL, Brink L (2005) Upwelling, downwelling, and cross-shelf transport of bivalve 
larvae: test of a hypothesis. Mar Ecol Prog Ser 302:1-12 
Souto C, Gilcoto M, Fariña-Busto L, Pérez FF (2003) Modeling the residual circulation of a 
coastal embayment affected by wind-driven upwelling: Circulation of the Ría de Vigo (NW 
Spain). J Geophys Res C 108:3340 
Sweeney MJ, Roper CFE, Mangold K, Clarke MR, Boletzky SV (1992) ‘Larval’ and juvenile 
cephalopods: a manual for their identification. Smithsonian Contributions to Zoology, 
Washington DC 
Vecchione M (1981) Aspects of early life history of Loligo pealei (Cephalopoda: Myopsida). J 
Shellfish Res 1:171-180 
Vecchione M, Roper CFE, Lu CC, Sweeney MJ (1986) Distribution and relative abundance of 
planktonic cephalopods in the Western North Atlantic. Am Malacol Bull 4:101 
Vecchione M (1987) Juvenile ecology. In: Boyle PR (ed.) Cephalopod life cycles. Comparative 
reviews. Academic Press, London 
Vecchione M (1999) Extraordinary abundance of squid paralarvae in the tropical eastern Pacific 
Ocean during E1 Niño of 1987. Fishery Bulletin, US 97: 1025-1030. 
Venter JD, Wyngaardt S, Verschoor JA (1999) Detection of zooplankton prey in squid 
paralarvae with Immunoassay. J Immunoassay 20:127–149 
Vidal EAG, Haimovici M, Hackbart VCS (2010) Distribution of paralarvae and small juvenile 
cephalopods in relation to primary production in an upwelling area off southern Brazil. ICES 
J Mar Sci 67:1346-1352 
Roura, 2013: Ecology of planktonic paralarvae
116
Villanueva R (1995) Experimental rearing and growth of plancktonic Octopus vulgaris from 
hatching to settlement. Can J Fish Aquat Sci 52:2639-2650 
Villanueva R, Norman MD (2008) Biology of the planktonic stages of benthic octopuses. 
Oceanogr Mar Biol Annu Rev 46:105-202 
Yau C, Boyle PR (1996) Ecology of Sepiola atlantica (Mollusca: Cephalopoda) in the shallow 
sublittoral zone. J Mar Biol Ass UK 76:733-748 
Zeidberg LD, Hamner WM (2002) Distribution of squid paralarvae, Loligo opalescens 
(Cephalopoda: Myopsida), in the Southern California Bight in the three years following the 
1997-1998 El Niño. Mar Biol 141:111-122 
 
 
Chapter 4: Cephalopod paralarvae within zooplankton communities
117
Appendix 
Appendix. Zooplankton taxa abbreviations present in figure 5 
 
Abbreviation Taxa Abbreviation Taxa 
Aca Acartia clausii mbra Megalopa Brachyura 
adu Nyctiphanes couchii adult mys Mysidacea 
ape Appendicularia ofi Ofiuroidea larvae 
cal N. couchii calyptopis Oit Oithona plumifera 
Cca Calanoides carinatus Par Paracalanus parvus 
cha Chaetognaths Phe Paraeuchaeta hebes 
Che Calanus helgolandicus Psp Paraeuchaeta spp.  
Chi Centropages chierchai Pod Podon intermedius 
cir Cirripedia larvae sal Salpids 
Cla Clausocalanus spp. sip Siphonophora 
echi Echinoidea larvae Tem Temora longicornis 
Eva Evadne nordmanni zbra Zoea Brachyura 
fur N. couchii furcilia zpag Zoea Paguridae 
gas Gastropoda zPis Zoea Pisidia longicornis 
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CAPÍTULO 5 
 
Distribución de paralarvas de cefalópodos y macrozooplancton en dos 
áreas distintas del sistema de afloramiento del giro subtropical del 
Atlántico norte: Cabo Silleiro (42ºN) y Cabo Ghir (30ºN) 
 
Álvaro Roura, Xosé A. Álvarez-Salgado, Ángel F. González, María Gregori, Gabriel 
Rosón, Ángel Guerra 
 
Este trabajo se encuadra dentro del proyecto multidisciplinar “Intercambios en el 
Ecosistema Marino de Canarias-Iberia (CAIBEX)” llevado a cabo entre el 7 de Julio y 
el 5 de Septiembre del 2009. El objetivo de las dos campañas estudiadas era definir y 
comparar las asociaciones de cefalópodos y macrozooplancton en relación a la dinámica 
de mesoescala que se da entre la zona costera y el océano adyacente, en áreas de 
afloramiento costero. Para ello se relizaron experimentos lagrangianos con boyas de 
deriva para seGhir la trayectoria de determinadas parcelas de agua en los ecosistemas de 
afloramiento estacional de Cabo Silleiro (41-43ºN, CAIBEX-I) y de afloramiento cuasi-
permanente de Cabo Ghir (30-32ºN, CAIBEX-III). Siguiendo la trayectoria de la boya 
de deriva, se llevaron a cabo muestreos doble oblícuos de zooplancton con redes bongo 
en tres profundidades (5, 100 and 500 m) durante el día y la noche. En CAIBEX-I se 
realizaron dos experimentos lagrangianos de deriva bajo condiciones oceanográficas 
distintas: un periodo de relajación sobre el talud continental y el inicio de un pulso de 
afloramiento costero con su correspondiente transporte a lo largo de la costa.  
Ocho especies de cefalópodos, pertenecientes a cuatro familias de especies 
neríticas (98 octópodos, 16 loligínidos, 15 omastréfidos y 4 sepiólidos) se encontraron 
principalmente sobre la plataforma, en la campaña CAIBEX-I realizada entre las costas 
de España y Portugal (41º15’N y 42º6’N). La única excepción fueron las paralarvas de 
Octopus vulgaris encontradas sobre el talud continental, de mayor tamaño que las 
encontradas sobre la plataforma. En esta especie se confirma además la realización de 
migraciones verticales diarias tanto sobre la plaforma como en el océano. Respecto al 
macrozooplancton, se vio que era muy escaso sobre la plataforma y estaba constituído 
por larvas de peces neríticos y adultos de cangrejo. Sin embargo sobre el talud 
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continental, la abundancia de macrozooplancton es mayor y está compuesto 
principalmente por animales mesopelágicos que llevan a cabo migraciones verticales 
diarias (DVMs), influyendo notablemente en las abundancias encontradas en superficie 
y 100 m por la noche. Se observa un descenso en la abundancia del macrozooplancton 
oceánico conforme aumenta la estratificación durante el primer experimento 
laagrangiano. 
En cambio, durante la campaña CAIBEX-III se pudo seguir el inicio de un 
potente pulso de afloramiento costero de 50 km de ancho, que fue exportado hacia el 
océano en forma de filamento. Este filamento se desplazó hacia el oeste, desde 
superficie hasta una profundidad de 50 m, alejándose a más de 150 km de Cabo Ghir. 
En esta campaña además de realizar los muestreos de zooplancton siguiendo a la boya 
en el filamento, se recogieron muestras de océano adyacente, en la costa y en la zona 
afectada por el afloramiento.  
Veinte especies de cefalópodos pertenecientes a 12 familias se encontraron en 
las costas marroquíes (30º14’N y 31º26’N). Dentro de éstas, se incluían las 4 familias 
neríticas encontradas en CAIBEX-I (115 loligínidos, 35 octópodos, 10 sepiólidos y 4 
omastréfidos), además de 8 familias de cefalópodos mesopelágicos (21 
onychotéuthidos, 18 brachiotéuthidos, 14 pyrotéuthidos, 13 oegópsidos indeterminados, 
11 enoplotéuthidos, 3 cránchidos and 1 mastigoteuthido). Las especies neríticas se 
encontraton en dos muestras recolectadas cerca de costa y las especies mesopelágicas se 
encontraron en el filamento y en el océano adyacente, pero no en la zona influenciada 
por el upwelling. O. vulgaris fue la única especie encontrada en todas las zonas 
muestreadas, incrementando de tamaño hacia el océano, evidenciando que esta especie 
aprovecha los filamentos para ser transportadas hacia el océano donde pasan su etapa 
planctónica.  
El macrozooplancton encontrado en CAIBEX-III fue mucho más diverso y 
abundante, aumentando su abundancia hacia el océano siendo máxima en el frente entre 
el filamento y el océano adyacente. De hecho, se citan por primera vez en aguas 
marroquíes dos especies de misidáceos mesopelágicos Gnathophausia zoea y 
Lophogaster spinosus y una especie de gamba limpiadora Stenopus hispidus (zoea III). 
El incremento en la abundancia de los DVMs fue mucho mayor en la superficie del 
filamento que en el resto de áreas muestreadas, asociado a una interacción trófica 
promovida por la gran biomasa exportada por el filamento. Contrariamente, en océano 
abierto el efecto de los DVMs no fue cuantitativo pero sí cualitativo. Un estudio 
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detallado de la biología trófica del macrozooplancton encontrado, nos permite describir 
los potenciales depredadores de paralarvas de cefalópodos en el medio oceánico. 
La identificación genética resultó ser imprescindible para identificar las 
paralarvas con longitud dorsal del manto menor a 4 mm. Esta herramienta permitió 
incrementar el área de distribución de tres especies de sepiólidos hacia el sur y el oeste, 
además de identificar las menores larvas de Ancistroteuthis lichtensteinii hasta la fecha 
en el Atlántico. Gracias a la genética, las larvas de loligínidos fueron identificadas a 
nivel de especie, revelando la gran importancia que tienen Alloteuthis media (n=111) y 
A. subulata (n=18) en los dos muestreos, mientras que solo 2 paralarvas de Loligo 
vulgaris fueron encontradas en CAIBEX-I. 
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Abstract 
This work was made under the framework of the multidisciplinary project 
“Canaries–Iberian Marine Ecosystem Exchanges (CAIBEX)” carried from July 7 to 
September 5 of 2009. We present data from two surveys which aimed to define and 
compare the cephalopod and macrozooplankton assemblage in relation with mesoscale 
dynamics between the coastal-shelf areas and the adjacent ocean. For this purpose, 
lagrangian experiments were carried with a instrumented drifting buoy (IDB), to follow 
the fate of certain water masses in the seasonal upwelling system off Cape Silleiro (41-
43ºN, CAIBEX-I) and the quasi-permanent upwelling system off Cape Ghir (30-32ºN, 
CAIBEX-III). Meso- and macrozooplankton samplings were carried at three depths (5, 
100 and 500 m depth) with bongo nets during day and night following the drifting of the 
IDB. Two lagrangian experiments were carried in CAIBEX-I in contrasting 
oceanographic situations: a relaxation event over the slope, and the onset of coastal 
upwelling with alongshore transport over the shelf.  
Eight species belonging to four cephalopod families (98 octopodids, 16 
loliginids, 15 ommastrephids and 4 sepiolids) were found in CAIBEX-I off the coast of 
Spain and Portugal (between 41º15’N and 42º6’N), mainly over the shelf. The only 
exception was Octopus vulgaris that was present at the oceanic samples and 
significantly bigger than those collected over the shelf. Diel vertical migration is 
confirmed in this species both at the ocean and the coast. The macrozooplankton was 
almost absent from the shelf, with greater abundances in the ocean, where the effect of 
diel vertical migrators (DVMs) was notable mainly at the surface and 100. The 
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abundance of macrozooplankton diminished with the increasing stratification caused by 
southerly winds present at the end of the first lagrangian experiment. 
During CAIBEX-III survey we studied the onset of a strong upwelling (50 km 
width) that was exported off shelf by a filament extending westward from Cape Ghir 
around 100-150 km and a vertical extension between the surface and 50 m depth. Added 
to the samples collected in the filament, some samples were collected in the coast, in the 
upwelling area and in the open ocean to have a better understanding of the ecosystem. 
Twenty cephalopod species belonging to 12 families were found in CAIBEX-III off the 
coast of Morocco (between 30º14’N and 31º26’N). These families included the neritic 
families found in CAIBEX-I (115 loliginids, 35 octopodids, 10 sepiolids and 4 
ommastrephids), plus oceanic mid water families (21 onychoteuthid, 18 brachioteuthids, 
14 pyroteuthid, 13 undefined oegopsids, 11 enoploteuthids, 3 cranchids and 1 
mastigoteuthid). Neritic species were found in the coastal sample and the oceanic 
species were present in the filament and in the open ocean. Again, O. vulgaris was 
found in both domains increasing in size towards the ocean, showing that this species 
spend their planktonic stage in the ocean and use the physical forcings (filament) to 
make this travel saving energy.  
The macrozooplankton was far more diverse and abundant in CAIBEX-III, with 
an increasing abundance towards the ocean. Indeed, two mesopelagic mysiids 
Gnathophausia zoea and Lophogaster spinosus and one shrimp Stenopus hispidus (3rd 
zoea) are cited for the first time in Moroccan waters. The increase in DVMs abundance 
was much more intense in the surface of the filament than in the rest of areas surveyed 
at night, suggesting predatory interactions of DVMs over the increased biomass 
exported by the filament. Contrastingly, in the open ocean the effect of DVMs was not 
quantitative but qualitative. Furthermore, the potential predators of cephalopod 
paralarvae were identified in the DVMs macrozooplankton assemblage.  
Barcode identification was essential to determine the identity of paralarvae 
smaller than 4 mm DML. Genetic identification allowed increasing the distribution area 
of three sepiolid species to the south and identified the smallest early stages of 
Ancistroteuthis lichtensteinii in the Atlantic. Furthermore, all the confusing loliginid 
paralarvae were identified to species level revealing the importance of Alloteuthis media 
(n=111) and A. subulata (n=18) in both surveys, while Loligo vulgaris (n=2) was found 
only off NW Iberian Peninsula.  
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Introduction 
The Iberian–Canary current (ICanC) constitutes one of the four main eastern 
boundary upwelling systems of the world ocean. The ICanC covers the latitudinal range 
12–43º N and it is divided into five regions, according to their coastline complexity, 
presence or absence of freshwater inputs, strength and seasonality of coastal winds, and 
upwelled water masses. These factors can induce unique responses of the different 
regions (Arístegui et al., 2009).  
This work is centred in the Galician (41–43ºN) and Moroccan (21–33ºN) 
regions. The present view of the oceanography of both regions is that they are largely 
governed by meso-scale activity superimposed on the large scale climatology (Barton et 
al., 1998; Relvas et al., 2007), but with marked differences between them. The Galician 
region is characterised by an irregular coast-line, plenty of large indentations known as 
“rías”, a narrow open continental shelf, seasonal (spring and summer) upwelling, small 
filaments, and remarkable freshwater inputs. On the contrary, the Moroccan region 
covers a vast heterogeneous coast-line with a wide open shelf, year-round upwelling 
varying seasonally, occurrence of extended filaments, absence of freshwater inputs and 
massive dust inputs from the adjacent Sahara desert (Arístegui et al., 2009).  
Coastal upwelling is enhanced in the vicinity of topographic features such as 
capes (Van Camp et al., 1991). In this sense, the cool filaments of Cape Silleiro (42–43º 
N) and Cape Ghir (30–31º N) export 4 and 31 x 108 kg of organic carbon per year to the 
adjacent shelf, respectively. These numbers correspond to 20% and 60 % of the 
phytoplankton primary production of those areas (Álvarez-Salgado et al., 2007). The 
underlying causes of the enhanced off-shelf export of coastal waters by the filament of 
Cape Ghir are the increased extension and intensity of the upwelling season. 
The planktonic community is controlled by the mesoscale structures present in 
the coastal transition zone (CTZ) of upwelling systems. Cross–shelf variability of 
microplankton community structure shows common features in both regions during the 
upwelling season, with higher biomass near the coast (dominated by diatoms), which 
decreases dramatically as the filaments drifts offshore, shifting to small dinoflagellates 
and picoplankton, reflecting the efficiency of large cells in taking up most of the 
upwelled nutrients (Pacheco and Hernández-Guerra, 1999; Van Lenning, 2000; García-
Muñoz et al., 2005; Lorenzo et al., 2005). The opposite occurs under downwelling 
conditions, when small cells are dominant (Cermeño et al., 2006). Vertical distributions 
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are characterised by a surface maximum in the mesotrophic inner shelf and a subsurface 
maximum near the seasonal thermocline in the adjacent oligotrophic ocean waters 
(Basterretxea and Arístegui, 2000). This general trend of the microplankton community 
is frequently disrupted by the remarkable effect of the short-term wind-driven 
hydrographic variability (Nogueira et al. 2005).  
Micro- and mesozooplankton are unevenly distributed in the coastal-oceanic 
gradient, with increased biomass near the coast gradually decreasing towards the ocean 
(Hernández-León et al, 2002a; Landeira et al., 2009; Roura et al., 2013). Superimposed 
to this general trend, mesoscale processes introduce strong variability to this gradient 
advecting part of the coastal biomass offshore by the filament jets (bottom-up control). 
These jets break the strongly stratified oceanic waters (thermocline and nutricline 
located at 80-100 m depth) creating clear community gradients that contrast with the 
open ocean communities (Mackas et al., 1991; Batten et al. 2001; Hernández-León et 
al. 2002a). Besides, there also exists a top-down control within the filament jet due to 
predation by diel vertical migrators (DVMs) on epipelagic zooplankton that gradually 
decreases their biomass towards the ocean (Hopkins et al., 1994, 1996; Hernández-León 
et al., 2002b). The long generation times of zooplankton compared with that of 
phytoplankton and their enhanced adaptation to changing conditions, account with the 
presence of certain species of coastal mesozooplankton in all areas affected by the 
filament. The offshore extension of the mesozooplankton transport within the filament 
depends on the biomass in the upwelling area and could be more than 400 km (Postel, 
1985). The exported mesozooplankton mainly grazes on phytoplankton in the upwelling 
area and filament, shifting to microzooplankton towards the ocean due to the scarcity of 
phytoplankton (Hernández-León et al. 2002a; Yebra et al., 2004). 
The study of cephalopod paralarvae in the ICanC region has been mainly 
restricted to the NW Iberian Peninsula (Rocha et al., 1999; González et al. 2005; Otero, 
2007; Roura et al., submitted), the Portuguese coast (Moreno et al., 2009) and the 
Mauritanian waters (Morales and Guerra, 1977; Demarcq and Faure, 2000; Faure et al. 
2000). These studies were carried out in continental shelf waters, except the work of 
Moreno et al. (2009) that analysed 57 surveys carried out in a sampling area covering 
33.23-42.75ºN and 6.15-14.37ºW. Strikingly, all Octopus vulgaris paralarvae collected 
were early hatchlings with only three suckers per arm (less than 10 days old, Villanueva 
1995) with the exception of four paralarvae with four suckers per arm (Moreno, pers. 
com). 
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This work was made under the framework of the multidisciplinary project 
“Canaries–Iberian Marine Ecosystem Exchanges (CAIBEX)” carried from July 7 to 
September 5 of 2009, consisting in three major surveys which aimed to define and 
compare the three-dimensional physic structure, the mesoscale dynamics, 
biogeochemistry and plankton between the coastal-shelf areas and the adjacent ocean in 
the seasonal upwelling system off Cape Silleiro (41-43ºN, CAIBEX-I) and the 
permanent upwelling system off Cape Ghir (30-32ºN, CAIBEX-III). Connecting this 
two mesoscale coastal-ocean studies, a macroscale physico-chemical study was 
undertaken sampling a box defined by 42ºN, 20ºW, 28ºN and the Atlantic coast of the 
Iberian Peninsula and Northern Africa (CAIBEX-II). 
Within this multidisciplinary context we aimed to determine the cephalopod and 
macrozooplankton assemblages found in both upwelling regions, as well as to 
understand how mesoscale processes, such as coastal upwelling and offshore filaments, 
interact with biological factors to interpret the distribution patterns found and the 
change in composition. A special effort was placed identifying the macrozooplankton 
fraction (2 - 20 cm) in order to assess the potential predators for cephalopod paralarvae 
in the pelagic realm. A specific aim of this work was to bring light to unknown aspects 
of the ecology Octopus vulgaris paralarvae in the plankton: Where do they grow? Do 
they display the same life cycle than other neritic cephalopods? What is the natural 
mortality of O. vulgaris in the wild? The sampling strategy followed in these surveys 
allowed to test the hypothesis that O. vulgaris early life-strategy is coupled with the 
physical environment, being advected into the ocean where they grow, suggested in 
Roura et al. (submitted). 
Material and methods 
Data acquisition for this study was carried out during cruises CAIBEX-I and III, 
on board the RV Sarmiento de Gamboa: CAIBEX-I was carried out around Cape 
Silleiro (NW Spain; Fig. 1b) from July 7 to 24 and CAIBEX-III around Cape Ghir (NW 
Africa, Fig. 1c) from August 16 to September 5, 2009. The overall aim of these cruises 
was to define the physical, geochemical and biological three-dimensional meso-scale 
structure of the coastal transition zone off Cape Silleiro and Cape Ghir and their 
exchange with the open ocean as a result of wind forcing.  
 
 
Chapter 5: Cephalopod paralarvae and macrozooplankton in two coastal upwelling systems
129
 
 
 
 
 
Fig. 1. a) Schematic map of the Canary Basin showing the areas sampled (red boxes) and the 
main currents (light blue: surface currents; dark blue: slope current), major capes, freshwater 
(blue arrows) and dust inputs (>10 g m-2 y-1, shaded yellow), retention (orange) and dispersion 
(green) zones on the shelf, frontal zone between water masses (dashed blue lines) and mesoscale 
eddies (blue: cyclones; red: anticyclones) south of the Canary Islands. NACW: North Atlantic 
Central Water; SACW: South Atlantic Central Water; AC: Azores Current; CanC: Canary 
Current; MC: Mauritanian Current; NEC: North equatorial Current; NECC: North equatorial 
Countercurrent; PC: Portuguese Current; SC: Slope Current. Modified from Arístegui et al. 
(2009). b) Zooplankton samples collected during the cruise CAIBEX-I off the NW coast of the 
Iberian Peninsula, around Cape Silleiro (42ºN). Samples S1 to S7 correspond to the first 
lagrangian experiment (L1) and S13 to S20 to the second lagrangian experiment (L2). See table 
1 for details. c) Zooplankton samples collected during the cruise CAIBEX-III off the NW Africa 
coast, around Cape Ghir (30ºN). See table 2 for details. 
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For this purpose high spatial and temporal mapping of the study area was carried 
to determine the oceanographic conditions (temperature, salinity and Chl-fluorescence) 
in situ using a towed vehicle (SeaSoar) that undulates between the surface and 400m 
depth. The information collected with the SeaSoar, together with real time satellite 
images of sea surface temperature (SST) and chlorophyll provided by the Plymouth 
Marine Laboratory (NEODAAS), helped to determine the location of the upwelled 
water and the filament. Once detected, the destiny of the upwelled water mass was 
studied carrying lagrangian experiments with an instrumented drifting buoy (IDB) that 
was deployed in the core of the upwelling/filament. The IDB was equipped with GPS 
and Iridium positioning system, an Acoustic Doppler Current Profiler (ADCP) at 2 m to 
determine current direction and velocities up to 100 m depth, and temperature sensors at 
10, 20, 40, 60, 65, 80 and 100 m depth. CTD casts were carried before each plankton 
sampling. In order to follow the advected community, bongo samplings were carried 
close to the IDB. Further mesozooplankton samplings were carried apart in the 
upwelling area and the adjacent open ocean. Bongo nets were used to collect 
mesozooplankton at three depths (5, 100 and 500 m) doing double oblique towings. The 
deep scattering layer (DSL) was observed with the Echo sounder Simrad EK60, 
operating with five frequencies simultaneously ranging from 18 to 200 kHz, which 
allowed to detect animals ranging from 8.5 to 0.75 cm, respectively.  
However, meteorological conditions during the first survey (CAIBEX-I) did not 
allowed to follow the fate of coastal waters offshore. Instead, two different lagrangian 
experiment were carried: an upwelling relaxation over the slope (lagrangian 1, L1) and 
the onset of coastal upwelling with alongshore transport (lagrangian 2, L2). Fortunately, 
favourable meteorological conditions during the second survey (CAIBEX-III) allowed 
us to carry the third lagrangian experiment (L3) following the onset of a wide upwelling 
(50 km width) that was exported off shelf by a long filament (150 km long). Following, 
a detailed description of the physical and zooplankton samplings carried out in both 
surveys is given separately. 
CAIBEX-I 
Although the survey started with strong northerly winds that should propel the 
upwelling, after three days the winds weakened without producing a filament. 
Nonetheless, real-time images facilitated by NEODAAS showed insights of upwelled 
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water around 41º 25’N (Fig. 2a). Thus, the IDB was deployed over the continental slope 
to carry the first lagrangian experiment (July 10-14 inclusive, Fig. 3). 
 
a  b  
 
Fig. 2. a) Sea surface temperature (SST) at the beginning of the first lagrangian experiment 
(July 10), and b) during the onset of the upwelling (July 15 to 17) coincidently with the second 
lagrangian experiment carried during CAIBEX-I. 
 
Strong northerly winds were expected during July 16 close to Cape Silleiro (Fig. 
2b) and the second lagrangian experiment (July 16-21 inclusive, Fig. 3) was carried out 
to observe the onset of the upwelling. The IDB was deployed south-west of Cape 
Silleiro. From July 19 onwards the strong northerly winds weakened as well as the 
upwelled water. The morning of July 21 the IDB was recovered Between the end of the 
first and second lagrangian experiments 8 parallel cross-shelf CTD grids were 
performed from latitude 42º18’N to 41º12’N, to understand the small-scale water 
properties throughout the coast. 
 
Sample Date CTD Latitude Longitude Depth (m) 
Volume 
(m3) Station Day/night 
S1 11-7-09 CS017 41º24.52'N 9º31.04'W 2667 6159 IDB night 
S2 11-7-09 CS021 41º21.16'N 9º33.44'W 2885 5881 IDB day 
S3 12-7-09 CS026 41º19.87'N 9º32.78'W 2784 7144 IDB night 
S4 12-7-09 CS029 41º19.86'N 9º34.26'W 2294 6481 IDB day 
S5 13-7-09 CS035 41º17.18'N 9º34.14'W 2924 6050 IDB night 
S6 13-7-09 CS038 41º17.38'N 9º35.96'W 3100 5014 IDB day 
S7 14-7-09 CS045 41º15.8'N 9º37.29'W 3105 4840 IDB night 
S8 14-7-09 CS047 41º30.01'N 8º54.89'W 62 1019 Shelf day 
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S9 14-7-09 CS050 41º30'N 9º10'W 134 2192 Shelf day 
S10 15-7-09 CS055 41º29.94'N 9º35.09'W 1940 5039 Ocean night 
S11 16-7-09 CS067 42º5.99'N 9º5.04'W 141 975 Shelf night 
S12 17-7-09 CS083 41º59.92'N 9º11.94'W 147 1796 Shelf night 
S13 17-7-09 CS089 42º0.15'N 9º0.35'W 108 1997 IDB day 
S14 18-7-09 CS094 41º55.17'N 9º1.58'W 108 1335 IDB night 
S15 18-7-09 CS096 41º50.47'N 9º3.57'W 114 1268 IDB day 
S16 19-7-09 CS106 41º42.05'N 9º4.06'W 106 2616 IDB Night 
S17 19-7-09 CS108 41º36.35'N 9º2.16'W 96 1390 IDB Day 
S18 20-7-09 CS119 41º29.17'N 9º3.1'W 90 1496 IDB Night 
S19 20-7-09 CS121 41º26.2'N 9º3.54'W 90 1898 IDB Day 
S20 21-7-09 CS131 41º23.18'N 9º4.05'W 102 2261 IDB Night 
 
Table 1. Detailed information about the mesozooplankton samplings carried out during 
CAIBEX-I. Abbreviation: IDB, instrumented drifting buoy. 
 
After performing a CTD at the position of the IDB, zooplankton samplings were 
carried during the lagrangian experiments both at night (00:00 AM) and day (12:00 
AM). Besides, some zooplankton samplings were carried during the cross-shelf CTD 
grids in order to know the mesozooplankton community outside the upwelled water 
(Table 1). Mesozooplankton samples were collected with two 750 mm diameter bongo 
nets equipped with 375 m mesh and a mechanical flow-meter.  
 
 
 
Fig. 3. Trajectory followed by the drifting buoys during the first lagrangian experiment carried 
out over the slope (July 10-14, L1) and the second carried out over the shelf (July 16-21, L2). 
Instrumented drifting buoy in blue.  
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At a ship speed of 2.5 knots three samples per station were collected: at the DSL 
level when the bottom depth allowed it (from 350-550 m), 100 and 5 meters. The bongo 
net was first lowered to the desired depth, towed for 30 minutes and subsequently 
hauled up at 0.5 m s–1. Then, it was cleaned onboard and back to the sea for the next 
towing. Plankton samples were fixed with 96% ethanol and stored at -20ºC to allow 
DNA preservation for dietary analysis. 
CAIBEX-III 
 Satellite images indicated an upwelled mass at Cape Ghir on August 17 (Fig. 
4a). A SeaSoar mapping consisting of 6 sections parallel to the coast, from the ocean to 
the coast, was carried out to obtain a synoptic image of the study area (August 17-20), 
plus a coastal section with 10 CTDs (Fig 5b). SeaSoar section number 6 (the closest to 
the coast) was repeated on 23 August to follow the structure of the filament (Fig. 5b). 
Once the core of the filament was identified, the first of the two 3-day lagrangian 
experiments were set up (August 23-26, Fig. 4b, 6). The IDB was deployed in the core 
of the filament following the advected water following the same procedure as in 
CAIBEX-I cruise.  
 
Sample Date CTD Latitude Longitude Depth (m) Volume (m3) Station Day/night 
G1 20-8-09 FIL7 30º50.06’N 10º19.99’W 1437 7501 upwelling day 
G2 21-8-09 FIL10 31º0.02’N 10º0.78’W 90 2247 upwelling night 
G3 23-8-09 FIL13 30º43.32’N 10º36’W 1837 5509 IDB day 
G4 24-8-09 FIL16 30º49.20’N 10º43’W 1532 4423 IDB night 
G5 24-8-09 FIL18 30º54.20’N 10º48.12’W 1671 7007 IDB day 
G6 24-8-09 FIL20 30º59.93’N 10º30.10’W 808 6436 upwelling night 
G7 25-8-09 FIL21 30º55.82’N 10º46.77’W 1823 5057 IDB night 
G8 25-8-09 FIL23 30º59.75’N 10º54.47’W 1640 6325 IDB day 
G9 26-8-09 FIL26 30º49.53’N 10º19.92’W 1104 6592 upwelling night 
G10 27-8-09 FIL40 30º42.75’N 10º36’W 1974 5648 upwelling night 
G11 28-8-09 FIL41 31º13.37’N 10º36’W 2095 5290 upwelling night 
G12 28-8-09 FIL42 31º0.38’N 11º16.48’W 2200 5107 IDB day 
G13 28-8-09 FIL44 31º26.42N 11º31.33’W 2472 4965 ocean day 
G14 29-8-09 FIL45 31º26.42N 11º33.33’W 2561 7735 ocean night 
G15 29-8-09 FIL46 30º57.25’N 11º25’W 2410 5534 IDB day 
G16 29-8-09 FIL47 31º8.15’N 11º49.90’W 3042 5243 ocean day 
G17 29-8-09 FIL48 31º8.15’N 11º51.77’W 2688 6384 ocean night 
G18 30-8-09 FIL49 30º54.57’N 11º27.10’W 2505 6518 IDB night 
G19 30-8-09 FIL51 31º8.27’N 11º36.18’W 2888 5473 ocean day 
G20 30-8-09 FIL52 31º8.27’N 11º34.11’W 2983 7214 ocean night 
G21 31-8-09 FIL53 30º52.70’N 11º30.88’W 2891 6188 IDB night 
G22 3-9-09 FIL55 30º37.43’N 10º36.35’W 2006 7774 upwelling day 
 
Table 2. Detailed information about the mesozooplankton samplings carried out during 
CAIBEX-III. Abbreviation: IDB, instrumented drifting buoy. 
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Fig. 4. a) SST off Cape Ghir upwelling area showing the onset of the upwelling filament, b) the 
filament developed and c) the end of the filament. 
 
 After the first lagrangian experiment a longitudinal section of 13 CTDs through 
the filament were performed at the same longitude of the Seasoar section number 6. At 
the end of the section, the second 3-day lagrangian experiment was performed (August 
28-31, Fig. 5c, 6), deploying the BB close to the PB that followed its way transported 
by the filament. Afterwards, we have to interrupt the survey due to technical problems 
and return to Las Palmas de Gran Canaria, loosing two sampling days.  
 
a b  
Fig. 5. CAIBEX-III sampling area showing a) the 55 CTD cast performed during the survey 
from coastal to oceanic waters following the filament and b) the 9 SeaSoar latitudinal sections. 
Courtesy of Troupin (2011). 
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Then, SeaSoar section number 6 was repeated northward and southward because 
the rough meteorological conditions did not allowed the towing of the SeaSoar at 8 
knots during the northward section (September 2). The rough conditions kept until the 
end of the survey prevented further CTD casts and the replication of the SeaSoar 
sections. At the end five ARGOS surface drifters, plus a 300-m ARGOS drifter were 
deployed in the core of the filament to track the upwelled water for long-time. 
 
 
 
Fig. 6. Trajectory followed by the instrumented drifting (IDB, blue) and biological (green) 
buoys during the lagrangian experiment carried out in the core of the filament from August 23 
to 31. The second image corresponds to the SST of August 26 with the trajectory of the physical 
buoy overlaid. 
 
 Mesozooplankton samplings were carried out as in CAIBEX-I during day and 
night following the PB in the core of the filament, at the same three depths (DSL, 100 
and 5 meter). Furthermore, CTD casts together with satellite images allowed identifying 
the periphery of the filament and the warm oceanic waters to carry out, whenever 
possible, mesozooplankton samplings outside the filament. These samplings together 
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with one sampling carried at night close to the coast, were essential to understand the 
plankton community present outside the filament (Table 2). 
Cephalopod and macrozooplankton identification 
At the laboratory, the totality of the samples was sorted to collect cephalopod 
paralarvae and macrozooplankton (> 2 cm). Cephalopod paralarvae were classified to 
the lowest taxonomy level according to Sweeney et al. (1992) and (Vecchione et al., 
2001). The dorsal mantle length (DML), total length (TL) and width (W) of each 
individual was recorded to the nearest 0.1 µm using the software NIS-Elements 3.0 
connected to a digital camera (Nikon DXM1200F) under a binocular (Nikon SMZ800). 
Furthermore, the length of the right tentacle (TeL) was measured in all decapod 
paralarvae. 
Most of the cephalopod paralarvae found were damaged, making difficult the 
identification process. Besides, many cephalopod paralarvae are poorly known or 
undescribed, making unworkable their identification (Vecchione et al., 2001). 
Therefore, we opted to conduct genetic identifications using the barcoding gene 
cytochrome c oxidase I (COI, Hebert et al., 2003). We selected this gene because there 
is a vast amount of cephalopod COI sequences available on GenBank, enabling 
identifications to the highest taxonomic level. This task was provided by the Barcode of 
Life Data System (BOLD) which sequenced a 648-bp region of the COI gene 
(Ratnasingham and Hebert, 2007) from a piece of each paralarvae. Prior to obtain the 
COI sequences, a visual database from each specimen was created doing dorsal, ventral 
and lateral pictures. Specifically, we counted the number of suckers per arm in every 
Octopus vulgaris paralarvae collected. 
The dominant groups in the macrozooplankton fraction based on trawl catches, 
both in abundance and biomass, are fishes and shrimps from 2 to 10 cm (Hopkins and 
Sutton, 1998), together with small pelagic cephalopods. Thus, special effort was 
allocated to the identification of these two groups. 
Statistical analysis 
Macrozooplankton community structure was examined with multivariate 
techniques using the software packages PRIMER6 & PERMANOVA+ (Anderson et al., 
2008). Prior to analysis, the database was screened to select the taxa that occurred at 
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least in 10% of the samples. Afterwards, abundance numbers were transformed using 
the function log (x + 1) (Legendre and Legendre, 1998) to reduce the contribution of 
highly abundant species (Clarke and Green, 1988). The Bray-Curtis similarity matrix, 
which reflects changes in relative abundance as well as in species composition, was 
used to calculate the resemblance matrix among samples. 
A principal coordinate analysis (PCO) ordination was used to visualise the natural 
groupings of the samples using 2D and 3D plots. Hierarchical agglomerative clustering 
with group-average linking was used together with the ordination plot to identify 
clusters with distinct community structure (Field et al., 1982). The specification of the 
similarity level was chosen to be data-driven, instead of a fixed similarity level. 
SIMPER analysis was then run to identify the indicator species of each cluster as well 
as the discriminating species that allow their differentiation. Subsequently, a non-
parametric permutational ANOVA (PERMANOVA) analysis running 999 permutations 
was used to test for statistical differences of the clusters in the multidimensional space. 
Furthermore, the data set of CAIBEX-III was analysed using a three-factor model 
design (factors: location (fixed, three levels: filament, periphery and ocean), day/night 
(fixed an nested in location, two levels: day and night) and strata (fixed and nested in 
location (day/night), three levels: 5, 100 and 500 m)). We did not added to the analysis 
the coastal samples as other location, because we did not have day time samplings and 
only two depths (5 and 100 m) were sampled. Non-parametric analysis using Mann-
Whitney U test, were conducted to test if the cephalopod paralarvae abundances and 
dorsal mantle length (DML) measures varied significantly between the different habitats 
sampled. 
Results 
CAIBEX- I: Oceanographic context 
Two lagrangian experiments were carried out, covering two contrasting 
oceanographic conditions: a relaxation period over the slope (experiment L1) and the 
onset of an upwelling event over the shelf (experiment L2). Experiment L1 (July 10 to 
14, inclusive) was conducted under northerly winds during the first half of the 
experiment and southerly winds onward. Wind velocities were low and the IDB 
displaced slowly southwestwards (Fig. 3, L1). Vertical temperature profiles recorded by 
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the thermistors chain of the IDB showed that the water column was strongly stratified 
with a small increase in temperature when the winds shifted southwardly (Fig. 7a). 
 
 
 
Fig. 7. Temperature profiles recorded by the IDB, showing the two contrasting oceanographic 
situations observed in the lagrangian experiments carried out from a) July 10 – 14 and b) July 
16 – 10, during CAIBEX-I cruise. Zooplankton samplings collected in the IDB are marked 
above the graphs.  
 
Experiment L2 (July 16 to 21, inclusive) was carried over the shelf, between 90 
and 150 m depth, under strong northerly winds during the first four days that weakened 
and finally rolled to southerly the last day. Strong northerly winds transported the IDB 
southwardly during the first 4 days, then slowing down their southward displacement 
for the last two days (Fig. 4, L2). The temperature recorded by the IDB shows the 
presence of upwelled water increasing southwardly (Fig. 7b). This upwelled water can 
be clearly seen in the cross-shelf transects carried out during the second lagrangian 
study (Figs. 8, 9). Despite the presence of cold and nutrient-rich water over the shelf, 
the chlorophyll does not show high levels because the mixed layer is broken close to the 
coast, preventing the primary producers to photosynthesize optimally. 
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Fig. 8. CTD cross-shelf transect carried out at 41º48’N on July 18, showing a) temperature, b) 
salinity, c) chlorophyll and d) the position of the CTD casts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. CTD cross-shelf transect carried out at 41º36’N on July 19, showing a) temperature, b) 
salinity, c) chlorophyll and d) the position of the CTD casts. 
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CAIBEX- I: Biological context  
A total of 133 cephalopod paralarvae and juveniles, ranging from 1.29 to 8.17 
mm dorsal mantle length (DML) and one adult (9.8 mm DML) were collected in 48 
samples (Table 3).  
 
 
Coast Ocean 
day night day night  Taxa 
100 5 100 5 500 100 5 500 100 5 
Octopus vulgaris 7 4 12 27 5 4  14 10 15 
Alloteuthis media 2  1 1       
A. subulata   7 3       
Loligo vulgaris   2        
Sepiola tridens   5        
Illex coindetii    1       
Cephalopoda 
Ommastrephidae 8  3 1  1   1  
Meganyctiphanes norvegica     23   45 162 4 
Nematoscelis megalops        4 2  
Euphausia krohnii        1   
Euphausiacea 
Nematobrachion boopis     1   1 1  
Systellaspis debilis     3   16 2  
Acantephyra purpurea        3   
Gennadas brevirostris        1   
Sergestes robustus        2   
Pasiphaea sivado     26   24 69 10 
Phyllosoma larvae        1 2 16 
Decapoda 
 
Polybius henslowii 2 7 1 8       
Mysidacea Eucopia sculpticauda        19 2  
Myctophidae     1   8 18 3 
Gonostomatidae     131   147   
Stomiidae        2   
Sternoptychidae        2 1  
Syngnathid larvae 1  6 2       
Pleuronectiform larvae 2  6 9       
Fish 
Larvae indet.   16 1    1   
 Hyperiids      1  2 2 2 
 Cnidaria 1       3   
 Siphonophora        1   
 Ctenophora      3  6 1  
 Urochordata      1  2 4  
 Pteropoda         2  
 
Table 3. Cephalopod paralarvae and macrozooplankton present in the different stations carried 
out during CAIBEX-I. 
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The octopods were the most abundant family with 98 Octopus vulgaris 
paralarvae, representing 73.1% of all paralarvae collected. Following, the loliginids 
accounted for 11.9% (16 paralarvae), the ommastrephids for 11.2% (15 
rhynchoteuthion), and the sepiolids for only 3.7% (4 paralarvae and one adult).  
For the moment, we have molecular data for 110 paralarvae out of 134 (82.1%), 
most of them with similarities higher than 99% against sequences present on GenBank. 
All the octopods sequenced were Octopus vulgaris (74 paralarvae, homologies between 
99-100%). All loliginid paralarvae were sequenced (homologies between 99-100%): 10 
were Alloteuthis subulata, 4 were A. media and 2 were Loligo vulgaris. All 
ommastrephid paralarvae were sequenced: 14 showing homologies of 87% with Illex 
spp. and one showing 99.7% with Illex coindeti. Finally, all sepiolids sequenced (5, 
blasts of 100%), revealed that Sepiola tridens was present in our waters. 
 
Fig. 10. Macrozooplankton composition and abundance (ind 1000 m-3) found in the samples 
collected at 5, 100 and 500 m depth during CAIBEX-I cruise. The dotted line represents the 
bottom depths where samples were collected. Night time samplings are represented in grey. 
 
The most common animal found in the macrozooplankton fraction were the mid- 
water fish family gonostomatidae (30.9%, mainly Cyclothone spp., with some 
Gonostoma spp.) and the euphausiid Meganyctiphanes norvegica (26%), far-followed 
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by the shrimp Pasiphaea sivado (14.3%), the euphausiid Nematoscelis megalops 
(4.2%), myctophids (3.3%), the shrimp Systellaspis debilis (2.3%) and the mysid 
Eucopia sculpticauda (2.3%) (Table 3). It is noteworthy that 92.7% of the 
macrozooplankton was captured during experiment L1 over the slope, with the 
remaining 7.3% captured during experiment L2 over the shelf, represented by fish 
larvae (4.5%) and the adults of the swimming crab Polybius henslowii (1.9%). Two 
families of mid-water fishes were found at night, apart from the dominant 
gonostomatids and myctophids. Two species of Sternoptychidae (hatched fishes) were 
identified Argyropelecus hemigymnus (500 m depth) and Maurolicus muelleri (100 m 
depth). Three species of Stomiidae were found at 500 m depth: Chauliodus sloanii (with 
one Cyclothone spp. within its gut), Malacosteus niger and Melanostomias spp.  
During experiment L1, it was quite patent the influence of DVMs inhabiting the 
mesopelagic zone, because the animals collected at night were almost three times (n = 
594) those of daytime (n = 190) (Table 3, Fig. 10). Furthermore, the majority of the 
animals collected during the day were present in the deepest sample (500 m, 97.4%) 
where DVMs spend daytime, and only 2.6% at 100 m, without any single animal 
collected at the surface. Contrastingly, DVMs were spread across the sampling depths at 
night, with 49% at the deepest level (500 m), 45.1% at 100 m and 5.9% at the surface 
(Table 3, Fig. 10). The macrozooplankton community changed as the drifting buoy 
slowly displaced south-westwards. The first two nights were dominated by crustaceans 
(decapods, euphausiids) that displayed vertical migrations, while the following two 
nights their contribution decreased and fish increased, mainly Cyclothone spp., which 
did not display any vertical migrations (Table 3, Fig. 10). This change of population 
coincided with the shift of upwelling favourable winds to downwelling, and the 
subsequent water column stratification and warming (Fig. 7a). 
During experiment L2, the only macrozooplankton found were syngnathid and 
pleuronectiform larvae the first two nights and adults of Polybius henslowii the 
following nights (Fig. 10), which coincides with the strength of the upwelled water (Fig. 
7b). None a single animal observed during experiment L1 was found in the coastal 
domain during experiment L2, except for Octopus vulgaris. On the contrary, the 
abundance of neritic cephalopods was very high during the night, mainly at the surface, 
while the few individuals collected during the day were close to the bottom (Fig. 10). 
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Fig. 11. PCO plot of the macrozooplankton samples collected in the oceanic samples during 
CAIBEX-I. 
 
Multivariate analysis of samples collected during experiment L1 shows that the 
major variation is accounted by the depth where samples were collected (32.3%), with 
the deepest samples (500 m) located in the positive values of axis PCO 1 (Fig. 11). 
Negative values corresponded mostly to samples collected above 100 m. PCO 2 axis 
accounted for 22.7% of the total variability and grouped samples according to the 
presence absence of DVMs. Positive values corresponded to samples with animals 
displaying vertical migration, indicated by the direction of the overlaid vectors, such as 
myctophids, the krill Meganyctiphanes norvegica or the shrimp Pasiphaea sivado (Fig. 
11). Conversely, negative values grouped samples dominated by animals that do not 
display vertical migration to surface waters and are present at the deepest samples at 
night (Table 3), such as Cyclotone spp and the shrimps Acanthephyra purpurea or 
Systellaspis debilis. 
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CAIBEX-III: Oceanographic context 
 The strong NE winds before and during the cruise originated a well-developed 
filament (Fig. 4) that allowed to follow the fate of the upwelled water far from the shelf 
into the open ocean (Fig. 6). The analysis of the SeaSoar tracks, as well as the CTD 
casts, allowed the visualization of the 3D filament structure. Horizontal interpolations at 
25 m and 100 m show the offshore propagation of upwelled water, which is interpreted 
as the signal of the filament (Fig. 12, a and b), while the warm core, visible at 200 and 
300 m and centred at 31ºN, is attributed to a subsurface anticyclonic eddy (Fig. 12, c 
and d). Vertical sections through tracks 6 and 7 showed that the filament became 
progressively more visible close to the coast: the rise of the isotherms towards the 
surface indicates the front between cool filament water and the open ocean water (Fig. 
13). As shown in the horizontal sections, the descent of the isotherms that happens 
between 200 and 400 m is the consequence of the anticyclonic eddy. 
 
Fig. 12. Horizontal interpolation using the temperature recorded by the CTD casts and the 
SeaSoar at  a) 25 m, b) 100 m, c) 200 m and d) 300 m. The original values of the data points are 
superimposed on the fields. Courtesy of Troupin (2011). 
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Once the core of the filament was detected (Fig 13, track 7 at 30.8ºN), the IDB 
was deployed. The IDB drifted offshore within the core of the filament northwestwardly 
and then shifted to the southwest during the third lagrangian experiment (L3) (Fig. 6). 
As recorded by the thermistors chains of the IDB, the drifters began in cold upwelled 
waters progressively heated by the warm surrounding oceanic waters (Fig. 14).  
 
 
Fig. 13. Temperature recorded by the SeaSoar through sections 6 (August 20) and 7 (August 
23). Courtesy of Troupin (2011). 
 
 
Fig. 14. Temperature recorded in the filament by the IDB along the lagrangian experiment 
carried in CAIBEX-III (August 23-31). Zooplankton samplings carried out following the IDB 
are marked above the graph. 
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 The temperature showed regular rising and sinking of the isotherms, as a 
consequence of the displacement from the core of the filament to the stratified 
surrounding ocean, owed to the inertial oscillation of the IDB (Fig. 14). Despite the 
wrong calibration of the SeaSoar chlorophyll sensor, the grid of CTD casts carried at 
10º36'W (the same latitude of the SeaSoar tracks 6-9, Fig. 5a, yellow dots), allowed 
fluorescence measurements up to the surface, essential to understand the biological 
repercussions of the filament at the lower trophic levels (Fig. 15a, b). Highest surface 
fluorescence occurs between T7 and T9, just north of the core of the filament, possibly 
in the frontal zone between filament fresh upwelled waters and open ocean warmer 
waters. Below the surface, a maximum of fluorescence takes place at 25 m and 
corresponds to the location of the filament core that can be identified due to the rising of 
the isotherms (Fig. 15b). 
 
a  b  
 
Fig. 15. Vertical sections of a) fluorescence and b) temperature obtained using the CTD profiles 
(T1-T13, Figs. 5 and 6) performed off the transect at 10º36'W. Fluorescence lines are separated 
by 0.1 and temperature 1ºC. Courtesy of Troupin (2011). 
 
 The study of all CTD individual profiles allowed gathering valuable information 
about the hydrographic and biologic characteristics of the area sampled. The 
fluorescence maxima occur generally between 20 and 60 m. For the mean profile, the 
maximum is located between 30 and 50 m, with a mean fluorescence around 0.18 mg/L 
(Fig. 16a). Close to the surface, oxygen concentrations are around 4.8 ml/l. This 
concentration steadily decreases, with a minimum between 700 and 800 m, then 
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increasing at greater depths reaching values similar to those found at the surface (Fig. 
16b).  
 
a b
 
Fig. 16. a) Fluorescence and b) oxygen concentration based on all the CTD casts carried out in 
CAIBEX-III. Gray curves indicate individual profiles, while thick black curves show their 
average. Courtesy of Troupin (2011). 
 
CAIBEX-III: Biological context  
A total of 244 cephalopods were collected in 65 samples: 243 early stages 
(paralarvae or juveniles) ranging from 0.92 to 13.82 mm dorsal mantle length (DML) 
and one adult of Mastigoteuthis hjortii 10 cm DML (Table 4). Within the neritic 
families, the most important group were the loliginids (n = 115, 46.9%) found in only 
two samples collected near the coast in the upwelled waters. Following were the 
octopods (n = 35, 14.3%), exclusively represented by Octopus vulgaris, found in all 
locations sampled: coastal (n = 9), upwelling (n = 4), filament (n = 19), and ocean (n = 
3). Sepiolids represented 4.1% and were found in coastal (7), upwelling (1) and filament 
(2) samples. The ommastrephids (n = 4, 1.6%) were only found in the filament. Within 
the oceanic families the onychoteuthids (n = 21, 8.6%), brachioteuthids (n = 18, 7.3%), 
pyroteuthids (n = 14, 5.7%), oegopsids (n = 13, 5.3%), enoploteuthids (n = 11, 4.5%), 
cranchids (n = 3, 1.2%) and mastigoteuthids (n = 1, 0.4%) were only present in the 
filament and oceanic samples. Overall, 53.7% of the cephalopods collected belonged to 
the two coastal samples (< 100 m depth), while the remaining 46.3% were found in the 
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offshore samples (800–3050 m depth). Within the offshore samples, 64.2% were 
cephalopods belonging to deep sea pelagic families (oegopsids). 
  
Coast Upwelling Filament Ocean 
Night Day Night Day Night Day Night   
100 5 500 100 5 500 100 5 500 100 5 500 100 5 500 100 5 500 100 5 
Octopus vulgaris 1 8  1  2 2 4 2 1   1 1 1 1  1 2 7 
Alloteuthis media 91 16                   
A. subulata 8                    
Sepiola atlantica 1                    
S. ligulata 1                    
Rondeletiola minor 4 1                   
Heteroteuthis dispar             2        
Sepiolidae    1                 
Ommastrephidae        1  2  1         
Abraliopsis morisii            1 1 1 3 1  1  1 
Brachioteuthis riisei            1 2  4 1   4 6 
Enoploteuthidae         1     1       
Liocranchia reinhardtii               1 1   1  
Mastigoteuthis hjortii                  1   
Ancistroteuthis lichtensteinii         1 1  2 2 4  1  2 5  
Onychoteuthidae                   3  
Oegopsida              4 3 4    2 
Pyrotheuthis margaritifera          1  1    4 1 2 2  
Cephalopoda 
Pyrotheutidae         1          1 1 
Meganyctiphanes norvegica   3   1   1            
Nematoscelis megalops   1      7   23 1     1   
Euphausia krohnii       1 1 2   7 2     4 1  
Nematobrachion boopis         2   2      1   
Stylocheiron maximun                  1   
Euphausiacea 
Thyssanopoda microphtalma         1   2      13 1  
Systellaspis debilis   9   55 12  7   8 13     10 3  
Acantephyra purpurea      1      11 3     19   
Oplophorus spinosus      2   1    2     1   
Sergestes arcticus   61   14   1   2      1 1  
Sergestes robustus      12 4     13 4     6 2  
Sergestes sargassi            1   2      
Sergestes vigilax   1   1   2   1 7  2   3 4  
Sergestes corniculum           1        1  
Sergestes atlanticus            1         
Gennadas brevirostris      7 3     17 8     8 6  
Parapandalus richardii               1   3 2  
Pasiphaea multidentata      1      1         
Pasiphaea sivado   3    2  5   2         
Phyllosoma larvae   2 1  7 4 11 12 13  43 33 8 20 22 10 21 19 1 
Scyllarides latus juvenil      1      1 2 0    1 2  
Decapoda 
Stenopus hispidus              1       
Gnatophausia zoea      2      1         
Lophogaster spinosus                   1  Mysidacea 
Eucopia sculpticauda            2         
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Gonostomatidae   48   351   333   289   496   365 5  
Myctophidae   3   17 14  21   16 21  33   26 29  
Stomiidae   2   2   5   1 1  1   1   
Sternoptychidae   1   5   3   9   19   16   
Phosichthyidae   4   25   31   18 2  38   49 3  
Opisthoproctidae         1   1   1   2 2  
Pleuronectiform larvae            1   1 1     
Clupeiform larvae             1 20       
Leptocephala larvae             1        
 
 
 
 
 
 
Fish 
Larvae indet.      1   1   5   1 1  10 4  
Stomatopod larvae 38 8    44 1 13 7 3  4 2 2 14 5 58 5 12 4 
Hyperiid         3 2  3 7 2 6 4 2 20 19 2 
Chaetognatha   112 27 11 141 42 8 230 160  476 229 605 309 135 33 372 137 53
Cnidaria        1    3      1   
Pteropoda       1  4 1        1 3  
Pterotrachea   1     1    1 1 2 2 2 3 5 2 3 
Tomopteris spp         1    2      1  
 
Macrocypridina castanea      1      1       1  
 
Table 4. Cephalopod paralarvae and macrozooplankton present in the different stations carried 
out during CAIBEX-III. 
 
To date we have COI data for 227 cephalopods out of 245 (93%). Blast searches 
against the genetic database revealed that all the octopods sequenced were Octopus 
vulgaris (n = 25, homology 100%). Among the loliginids (n = 115), 107 were 
Alloteuthis media and 8 were A. subulata (homology 100%). We have sequences for all 
the sepiolids (n = 10) with homologies between 99 and 100%, except for one found in 
the periphery of the filament during the day at 100 m depth (Table 4). Sepiola atlantica, 
S. ligulata and Rondeletiola minor (n = 5) were collected in coastal samples, whereas 
Heteroteuthis dispar (n = 2) were collected in the filament. Only one sequence for the 
ommastrephids is available and reveals low homology against the genetic database 
(Illex argentinus 87%), hampering the identification at the species level. Within the 
cephalopod pelagic families, molecular data for onychoteuhids reveal the presence of 
Ancistroteuthis lichtensteiniii (n = 18, 100% homology). For the pyroteuthids (n = 14), 
we have 11 sequences that correspond to Pyroteuthis margaritifera (99%) and two that 
remain undefined with the closest match being P. addolux (90%). Within the 
enoploteuthids (n = 29), 18 are Brachioteuthis riisei (100%), 9 are Abraliopsis pfefferi 
(99%) that is a junior synomyn of A. morisii (Roper and Jereb, 2010) and the remaining 
2 are not yet sequenced. Within the order Oegopsida (deep sea pelagic squids) are 
included 10 specimens whose homology against the database was low (less than 90%) 
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and we opted to define their taxonomic status according to their position in a maximum 
parsimony tree constructed with oegopsid sequences (n = 84) retrieved from GenBank 
(Annexe 1). The main families found in the oegopsida were supported by low bootstrap 
values due to the low variability found in COI genes. Nonetheless, 9 oegopsid 
specimens belonging to the same species were branched with high support (96) within 
ancistrocheiridae that is a family with only one species (Ancistrocheirus lesueurii). 
These sequences only had 85–86% similarities with it, so they did not belong to this 
family and were assigned to the above taxonomic level that is enoploteuthidae (Young 
et al., 2012). Other oegopsid displayed 85% similarity with Gonatus pyros, but it did 
not branch with gonatidae. Instead, it remained as a sister taxon of chiroteuthidae, badly 
separated from archyteuthidae, cycloteuthidae and lycoteuthidae. Accordingly, we 
considered it as an undefined oegopsid. The two specimens that displayed 90% 
homology with P. addolux branched within the pyroteuthid family. However, some 
misidentification must be present in the database because two pyroteuthid families were 
present in two different branches, so we cannot be sure which family is the correct. 
Finally, 2 oegopsid specimens, different from the rest of paralarvae found, are not yet 
sequenced. 
 The macrozooplankton collected in Moroccan waters was far more diverse and 
abundant than the collected in Galician waters. Stomatopod larvae (2.7%) were the only 
macrozooplankton observed at the coastal domain (Table 4). The remaining 97.3% was 
found in open waters. The most common groups found in these samples were the 
chaetognaths (48%), midwater fishes (36.8%), decapods (9.5%), stomatopod larvae 
(2.7%), euphausiids (1.2%) and hyperid amphipods (1.1%) (Table 4). Within the 
midwater fishes, gonostomatids were the most common (29.4%, mainly Cyclothone 
spp. and some Gonostoma spp.), followed by the lantern-fishes (Myctophidae, 2.8%) 
and Vinciguerria spp. (Phosichthyidae, 2.65%). Within the decapods the most common 
were the phyllosoma larvae (spiny and slipper lobsters, 3.54%) and the shrimps 
Sergestes arcticus (1.25%), Gennadas brevirostris (0.76%), S. robustus (0.64%) and 
Acanthephyra purpurea (0.53%). Among the euphausiids, Nematoscelis megalops was 
the most common (0.51%), followed by Euphausia krohnii (0.28%) and Thyssanopoda 
microphtalma (0.26%). Few mysids were found, but the species Gnatophausia zoea and 
Lophogaster spinosus were never cited in the area before. 
 Macrozooplankton abundance during the day was particularly high in the 
oceanic surface samples owed to the presence of phyllosomas and stomatopod larvae 
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(Table 4, Fig. 17a). Day time abundance increased with depth, predominantly in the 
filament and oceanic samples, where DSL fishes (as Cyclothone spp. or Vinciguerria 
spp.) dominate the samples together with chaetognaths mostly found at 500 m (Table 4). 
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Fig. 17. a) Macrozooplankton abundance and cephalopod paralarvae (ind 1000 m-3) found in the 
samples (G1-G22) collected at the three depths sampled (5, 100 and 500 m depth) in CAIBEX-
III, both at day and night (grey colour). The dotted line represents the sea bottom depth on each 
sample and the dashed lines separate the 3rd lagrangian experiment from the rest of samplings 
according to their distance to coast. b) Total abundance of macrozooplankton found at the 
different environments sampled (ind 1000 m-3). c) Relationship between the increasing depth 
and abundance (ind 1000 m-3) of macrozooplankton.  
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By contrast in the upwelling zone, the abundance was three times lower and 
Sergestes arcticus dominated the 500 m depth sample (G1, Fig. 17a). This situation 
dramatically changed compared with that found at G22 (collected 14 days after G1 
under relaxation conditions) where sergestids were absent and the assemblage at 500 m 
was dominated by Cyclothone spp. and chaetognaths (Fig. 17a). However at night, 
macrozooplankton abundance increased markedly at the surface of the filament, and at 
500 m depth in the filament and in the ocean, followed by the upwelling zone (Fig. 17a, 
b). It is particularly notable the increased abundance of chaetognaths found in the 
surface samples collected the last two nights of lagrangian experiment (G18, G21, Fig. 
17a). These extraordinary abundances may be related with the presence of a frontal edge 
between the cold-nutrient-rich waters of the filament and the warm-oligotrophic oceanic 
waters. Many animals that were collected at 500 m during the day were captured at 
night at 100 m, like decapods (Systellaspis debilis and sergestids), euphausiids 
(Euphausia krohnii) and fishes (myctophids). Besides, animals that display vertical 
migration from deeper layers to 500 m were found like the decapods (Gennadas 
brevirostris, Acanthephyra purpurea, Sergestes robustus) and the mysids (Table 4).  
The increase in abundance of DVMs was higher at the filament especially at the 
surface with abundances at night 640 times higher than those of daytime, followed by 
the upwelling zone (3.2 fold), and contrastingly, there were less animals in the surface 
of the ocean at night (0.6 fold). Nonetheless, the abundance found at the surface of the 
filament at night was ten times higher than that found at the ocean and 18 times that of 
the upwelling (Fig. 17b). At 100 m depth, the increase in abundance at night was higher 
in the upwelling area (3 fold) than in the filament (1.9 fold) and in the ocean (1.5 times), 
although overall abundance was higher in the filament, being almost 4 times that of the 
upwelling and similar to that of the ocean (Fig. 17b). At 500 m depth, the biggest 
increase was in the upwelling area (2.8 fold), followed by the filament zone (1.4 times), 
and the ocean where the abundance was exactly the same than during the day. In this 
case, overall abundance was higher in the ocean at 500 m, except at night, where 
abundance was identical to that of the filament (Fig. 17b). It is interesting that the 
influence of DVM increased night time abundances at all depths sampled, both in the 
upwelling area and in the filament, but not in the ocean. 
Although in the ocean a quantitative change was not observed between day and 
night, there was a qualitative change in the macrozooplankton assemblage with higher 
numbers of gonostomatids, scyllarids and stomatopods during the day, while more 
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hyperiids, myctophids and decapods were found at night (Fig. 17 b, Table 4). It is quite 
patent that the macrozooplankton abundance increased ocean wards and with depth, as 
it occurred during CAIBEX-I (Fig. 17c). 
 
 
 
Fig. 18. Dendrogram showing the classification of the 65 samples collected during CAIBEX-III 
into five major clusters. Abundances of the species were log (x+1) transformed before obtaining 
the resemblance matrix using the Bray-Curtis measure, and the dendrogram was constructed by 
group-average sorting. The distance axis shows the percentage of similarity found within each 
cluster. 
 
The dendrogram obtained from the classification analysis of the samples is 
shown in Fig 18. SIMPER analysis of the clusters allowed to determine the average 
similarities found within the samples of each cluster and their indicator species:  
- Cluster 1, similarity of 16.37%, constituted by 6 samples, 2 of which belonged 
to the coastal samples, 2 to surface samples collected at night in the filament and its 
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periphery, and 2 collected at 100 m in the filament. The average water depth was 954 m. 
The indicator taxa were stomatopod and phyllosoma larvae, chaetognaths, O. vulgaris 
and A. media. This cluster was characterized by a high variability in abundance and it 
represented the samples with the highest influence of the upwelled coastal waters. 
- Cluster 2, similarity of 56.10%, constituted by 13 samples, 5 of which were 
collected at the surface at nigh (1 in the ocean, 2 in the filament and 2 ain the periphery) 
and the rest were collected at 100 m during the day (3 in the filament and 3 in the 
ocean). The average water depth was 2500 m. The indicator taxa were chaetognaths, 
phyllosoma and stomatopod larvae, hyperiids, pterotrachids, P. margaritifera and O. 
vulgaris. This cluster showed a high dispersion (Fig. 18) with animals that display 
vertical migrations like O. vulgaris or pterotrachids, and a mix of coastal (stomatopod 
larvae) and oceanic (P. margaritifera) taxa. 
- Cluster 3, similarity of 56.26%, constituted by 7 samples, 4 of which were 
collected during the day at the surface (2) and at 100 m (2), and 3 at night at the surface 
of the ocean (2) and the filament (1). The average water depth was 2261 m. The 
indicator taxa were chaetognaths, pterotrachids, Brachioteuthis riisei and hyperiids. 
This cluster represented the epipelagic macrozooplankton assemblage found in oceanic 
waters above 100 m during the day and at the surface at night. 
- Cluster 4, similarity of 42.83%, constituted by 10 samples, all of them 
collected at 100 m during the night (5 in the filament, 2 in the periphery and 3 in the 
ocean) with an average depth 2149 m. The indicator taxa were chaetognaths, 
myctophids, phyllosoma larvae, Systellaspis debilis and onychoteuthids. This cluster 
includes upper mesopelagic species that display vertical migration. 
- Cluster 5, similarity of 56.66%, constituted by 20 samples, all of them 
collected at 500 m in all the locations (filament, periphery and ocean) except the coast. 
The average water depth was 2181 m. The indicator taxa are Cyclothone spp., light 
fishes (Vinciguerria spp.), myctophids, chaetognaths and hatched fishes (Argyropelecus 
spp.). This cluster was represented by deep mesopelagic species that were present at 500 
m during the day and spread throughout the water column at night (DVMs like 
myctophids, chaetognaths, phyllosoma larvae), as well as mesopelagic species that do 
not or little migrate vertically (Cyclothone spp., Sternoptyx, mysiids or sergestid 
shrimps, Table 4).  
Another output of the SIMPER analysis is the identification of the 
discriminating taxa that allow the differentiation among clusters (Table 5). We only 
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show 6 out of 10 possible comparisons of clusters: the comparisons between the 
epipelagic clusters 1 to 3, as well as the comparison between the epipelagic oceanic 
clusters (2 and 3) against cluster 4 that corresponded to the samples collected at 100 m 
at night and, finally, the comparison of the latter against cluster 5 that included all the 
samples collected at 500 m. It is quite evident that cluster 1 was the most different 
because it included the coastal samples while the rest were all collected over the 
continental slope. As the samples were collected further into the ocean this dissimilarity 
increases (clusters 1-2, 79.14% dissimilarity; clusters 1-3, 87.76% dissimilarity). 
 
1 – 2 (79.14%) 1 – 3 (88.76%) 2 – 3 (57.44%) 2 – 4 (61.09%) 3 – 4 (66.9%) 4 – 5 (64.05%) 
Chaetognaths 
31.77% - 2.24 - 2 
Chaetognaths 
35.7% - 1.91 - 3 
Phyllosoma larvae 
19.78% - 2.86 - 2 
Myctophydae 
10.46% - 2.2 - 4 
Myctophydae 
13.08% - 2.21 - 4 
Cyclothone spp. 
19.2% - 2.41 - 5 
Phyllosoma larvae 
11.9% - 1.73 - 2 
Stomatopod larvae 
9.88% - 1.03 - 1 
Chaetognaths 
13.92% - 1.15 - 2 
Phyllosoma 
larvae 
8% - 1.14 - 2 
Phyllosoma 
larvae 
8.76% - 1.54 - 4 
Phosichthyidae 
5.55% - 1.62 - 5 
Stomatopod larvae 
11.56% - 1.08 - 2 
O. vulgaris 
6.16% - 0.78 - 1 
Hyperiids 
7.2% - 1.04 - 2 
Hyperiids 
5.64% - 1.11 - 4 
Chaetognaths 
10.58% - 1.12 - 3 
Myctophydae 
5.95% - 1.55 - 4 
Hyperiids 
5.18% - 0.89 - 2 
Phyllosoma larvae 
9.98% - 0.77 - 1 
Stomatopod larvae 
14.68% - 0.94 - 2 
Systellaspis 
debilis 
6.98% - 1.07 - 4 
S. debilis 
9.10% - 1.04 - 4 
Phyllosoma 
larvae 
5.95% - 1.37 - 4 
Octopus vulgaris 
5.82% - 0.84 - 1  
Pterotrachid 
7.09% - 0.92 - 2 
Onychoteuthidae 
4.3% - 0.96 - 2 
Hyperiids 
5.58% - 0.99 - 4 
S. debilis 
5.88% - 1.3 - 4 
Pterotrachid 
4.06% - 0.82 - 2  
Pyroteuthis 
margaritifera 
3.15% - 0.78 - 2 
Stomatopod 
larvae 
9.2% -0.93 - 2 
Stomatopod 
larvae 
3.67% -0.89 - 4 
Stomatopod 
larvae 
3.13% -1.12 - 4 
   Pterotrachid 3.72% - 0.87 - 2 
O. vulgaris 
2.46% - 0.84 - 4 
Chaetognaths 
8.52% - 1.11 - 4 
   P. margaritifera 2.3% - 0.85 - 2 
S. vigilax 
2.87% - 0.77 - 4 
Hyperiids 
4.14% - 1.07 - 4 
   Sergestes vigilax 2.48% - 0.77 - 4 
Onychoteuthidae 
2.66% - 0.77 - 4 
Sternoptychidae 
2.52% - 1.03 - 5 
   
Gennadas 
brevirostris 
3.35% - 0.76 - 4 
G. brevirostris 
3.97% - 0.75 - 4 
G. brevirostris 
3.53% - 1.01 - 4 
 
Table 5. Taxa with the ten highest contributions to differentiate between pairs of clusters 
present in Fig. 19a (averaged dissimilarity for each pair in parenthesis), their percentage 
contributions to between group dissimilarity, their discriminate power in bold and the cluster 
where their abundance was higher (only discriminative values higher than 0.75 are shown).   
 
PCO plots show that the maximum variability found in the resemblance matrix 
(PCO 1, 23.5%) corresponded to the strata sampled, with all the samples collected at 
500 m (cluster 5) in the positive values of PCO1 while the surface samples and the 
daytime samples collected at 100 m (clusters 1-3) were placed in the negative values 
(Fig. 19a). Between these two groups were placed the samples collected at 100 m 
during the night (cluster 4), where an interaction between strata and day/night samplings 
do occur due to the ascension of DVMs. The second axis (PCO2) accounted for 16.4% 
of the variability, and represented the macrozooplankton community gradient between 
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the coastal (positive values) and oceanic domains (negative values). The maximum 
variability was found within the surface samples, both during day and night as well as 
within the 100 m sample during the day. These samples were spread along the PCO 2 
axis, constituting three clusters (Fig. 19a). The trajectory overlaid in Fig. 19b -
connecting all the samples collected within the filament at 100 m depth- represented the 
change in the macrozooplankton community as the IDB was advected into the ocean by 
the filament. This trajectory shows the influence of DVMs as a displacement to the right 
during night samplings, and its return to the left during day time samplings, where 
DVMs are absent. Furthermore, it shows the coastal-ocean gradient in the PCO2 axis as 
the PB is advected (Fig. 6) from the nutrient-rich coastal waters (placed on the top left 
corner) to the oceanic realm (negative values of PCO2). 
 
a  b
 
Fig. 19. PCO plots obtained from the resemblance matrix of the macrozooplankton samples 
collected during CAIBEX-III represented by symbols according to the strata sampled. a) The 
clusters obtained in Fig. 18 are superimposed and indicated by numbers 1 - 5. b) The line 
connects the samples collected at 100 m in the filament following the physical buoy (PB). 
Abbreviations: D, day; N, night. 
 
PERMANOVA test revealed that the obtained clusters differed significantly (p < 
0.001). Main-test results of the PERMANOVA analysis using the three-level factor 
design shows that the macrozooplankton assemblages differed significantly (p < 0.001) 
according to the strata. In detail, pair wise tests revealed that in the filament, daytime 
macrozooplankton assemblages differed in all the strata sampled (p < 0.01), while at 
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night the assemblages found at 5 and 100 m depth differ from the 500 m depth (p < 
0.01), but were similar between 5 and 100 m (p = 0.20). In the periphery of the filament, 
only night time comparisons were possible revealing that zooplankton assemblages 
differed significantly between 5 and 500 m (p < 0.05), but marginally significant 
between 5 and 100 m( p = 0.1) and between 100 and 500 m (p = 0.09). Finally, the 
macrozooplankton found in the ocean, both during the day and night, at 500 m depth 
differed from that found at 100 and 5 m (p < 0.05), but the later shared the same 
assemblages (p > 0.05). Summarizing, the macrozooplankton was distributed according 
to a mix of factors, which include the distance from the coast, the strata and the 
presence of DVMs, as revealed by the five different clusters. 
Octopus vulgaris paralarvae in two upwelling areas 
Though similar numbers of O. vulgaris were found in coastal (50) and oceanic 
(48) waters during CAIBEX-I (Table 3), their abundance was lower in the ocean 
because a greater volume was filtered. Mann-Whitney U tests revealed that O. vulgaris 
were more abundant at night (p < 0.001) in both domains. Besides, vertical migration O. 
vulgaris was statistically proved both in the coast and ocean. In the coast, O. vulgaris 
was more abundant close to the bottom during the day, but they were more abundant 
close to the surface at night (p < 0.05).  
 
 
 
 
 
 
Table 6. Mean dorsal mantle length (DML in mm) and sucker counts of the Octopus vulgaris 
paralarvae found at the different locations sampled in CAIBEX-I and III surveys. Mean depth 
(m) and distance to coast (km) is showed for each location. The presence of primordial suckers 
is expressed as 0.5. 
 
The same pattern occurred in the adjacent ocean, where O. vulgaris paralarvae 
were more abundant at 500 m (p < 0.05) and 100 m (p < 0.05) than at the surface during 
the day, migrating to surface waters at night where their abundance was higher than the 
500 m (p < 0.05) and 100 m samples. On the other hand, during the CAIBEX-III cruise 
Survey Location DML Sucker nº Mean depth Distance to coast 
Coast  1,75 ± 0,27 3 - 4 104 ± 20 19 ± 5 CAIBEX-I Ocean 1,98 ± 0,43 3 - 5 2763 ± 260 69 ± 4 
Coast 1,44 ± 0,15 3 89.8 ± 0.5 19 ± 0.5 
Upwelling 1.79 ± 0,20 3 – 3.5 1866 ± 477 81 ± 10 
Filament 2,10 ± 0,11 3 – 5.5 1904 ±559 110 ± 36 CAIBEX-III 
Ocean 2,11 ± 0,26 3.5 – 11.5  2583 ± 173 170 ± 17 
Roura, 2013: Ecology of planktonic paralarvae
158
O. vulgaris were mainly found at night at the surface of the oceanic and upwelling areas 
(up to 6 paralarvae were collected in the southernmost sample G11, Fig.1c, in a 
retention area south of the filament), as well as in the coastal sample (G2, Fig. 1c). 
However, during the day these larvae were absent from the surface, remaining at depths 
of 100 m and below it (Table 4).  
O. vulgaris paralarvae increased their size ocean wards in both surveys (Fig. 20). 
A significant relationship between dorsal mantle length (DML) and distance to the coast 
was found in both surveys. In detail, DML was larger (p < 0.0001) in the adjacent ocean 
than in the coastal samples during CAIBEX-I (Fig. 21a). All the O. vulgaris collected in 
CAIBEX-III at the upwelling, filament and ocean had significantly larger DML than 
those collected in the coast (p < 0.01, Fig. 21b). 
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Fig. 20. Scatter plot showing the relationship between the distance to the coast (km) and the 
DML (mm) in Octopus vulgaris paralarvae collected during a) CAIBEX-I and b) III. 
 
It is the first time that O. vulgaris paralarvae have been collected in Moroccan 
waters. Indeed, O. vulgaris was the only cephalopod found at all locations sampled 
during the CAIBEX-I and -III cruises. Even more interesting, it is the first time that O. 
vulgaris paralarvae of more than 3 suckers have been collected in the North-eastern 
Atlantic (Table 6), with the exception of those collected in the English Channel by Rees 
and Lumby (1954) and four larvae collected between 1986 and 2004 off the Portuguese 
coast (A. Moreno, pers. com.).  
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Fig. 21. Mean Octopus vulgaris dorsal mantle length (DML) at the different locations sampled 
in a) CAIBEX-I and b) CAIBEX-III. Bars denote standard deviation. Abbreviations: C, coast; 
F, filament; O, ocean; U, upwelling. 
 
 
a b
 
1 Imamura, 1990; 2 Okumura et al., 2005; 3 Iglesias et al., 2004; 4 Shiraki, 1997; 5 Hamazaki et al., 
1991; 6 Kurihara et al. 2006; 7 Villanueva, 2005; 8 and 9 Itami et al., 1963; 10 Carrasco et al. 2006. 
 
Fig. 22. a) Catch curves of O. vulgaris paralarvae collected during CAIBEX-I and III, using the 
natural logarithm of the number of paralarvae that belong to successive age periods  present in 
Table 7. The instantaneous rate of total mortality (Z) corresponds to the slope of the regressions. 
b) Percentage of survival and duration of the planktonic period from hatching to settlement of 
O. vulgaris during rearing experiments (in blue). Open triangles correspond to the survival 
percentage calculated for the O. vulgaris collected in CAIBEX-I (CI) and III (CIII). 
 
A significant relationship was found between the distance to the coast and the 
number of suckers (data not shown). O. vulgaris were collected as far as 75 km offshore 
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during CAIBEX-I (sample S7) and 171 km during CAIBEX-III (sample G16).The catch 
curves of O. vulgaris paralarvae found in both surveys (Fig. 22a) were calculated in 
order to obtain the instantaneous rate of total mortality (Z). Before this, the age of O. 
vulgaris paralarvae was estimated using the following relationship between DML (in 
mm) and age in days (t): DML = 1,9729 * e-0,0254*t (Villanueva, 1995). Then, all the 
paralarvae were grouped according to the age period they belonged (Table 7) and 
natural logarithms were calculated. Once the catch curves are plotted, Z is obtained as 
the slope of the regression line that includes the values of the decreasing part of the 
catch curves (Guerra and Sánchez-Lizaso, 1998). The obtained Z was 0.67 and 0.99 for 
CAIBEX-I and III, respectively (Fig. 22 a). The exponential relation between survival 
(S) and Z (S = e-Z) allowed to calculate the percentages of survival found in both 
surveys: 51 % at day 26 and 37% at day 33 during CAIBEX-I and -III, respectively 
(Fig. 22b).  
Age (d) CAIBEX-I CAIBEX-III 
0 – 5 22 4 
6 – 10 22 4 
11 - 15 21 4 
16 – 20 12 15 
21 – 25 3 6 
26 – 30 2 1 
31 - 35  1 
 
Table 7. Number of O. vulgaris paralarvae collected in the surveys CAIBEX-I and III that 
belong to sucesive age periods. Age (d) was determined using its relationship with DML (in 
mm) determined by Villanueva et al. (2005). The numbers in bold were used for the calculation 
of the instantaneous rate of total mortality (Z) present in Fig. 24. 
Loliginid paralarvae 
Overall, 131 loliginid paralarvae were captured in both surveys. Barcoding of 
these paralarvae revealed the presence of 111 Alloteuthis media, 18 A. subulata and 2 
Loligo vulgaris (Tables 3 and 4). Differences were found in the morphometric measures 
obtained from these paralarvae; non-parametric comparisons (Mann-Whitney U test) 
showed no significant differences in the DML, TL, W and TeL of A. media and A. 
subulata between both surveys. Therefore, A. media and A. subulata of both surveys 
were pooled, revealing that A. subulata were significantly bigger (p < 0.01) than A. 
media for all measures (DML, TL, W and TeL, Fig. 23). Considering each species 
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separately, there were differences between the sizes of specimens collected at the 
surface or water column samples on each survey. 
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Fig. 23. Comparison of the measures (in mm) obtained from the loliginids Alloteuthis media 
(Am) and A. subulata (As) collected in CAIBEX-I and III: a) dorsal mantle length (DML); b) 
total length (TL); c) width (W); d) right tentacle length (TeL). 
 
While during CAIBEX-I, A. subulata were bigger in surface waters though 
marginally significant for all measures (0.05 > p < 0.1), in CAIBEX-III, A. media from 
the surface waters (mean: 2.25 mm, 1.27 – 4.06 mm DML) were much smaller (p < 
0.0001) than those collected in the water column (mean: 3.96 mm, 1.32 – 9.05 mm 
DML). The exceptional density of A. media captured in the coastal sample of CAIBEX-
III at night (Table 4), might represent a school of A. media. This density was not the 
result of a hatchling peak because larger A. media paralarvae were found in the water 
column than in the surface. Another interesting finding is the shift in the presence of A. 
media and A. subulata found in both surveys. While A. subulata dominated the samples 
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of the Northwest Iberian Peninsula shelf (Table 3), A. media was the main species found 
in the Moroccan shelf (Table 4). Two indices were invented in order to discriminate the 
two species of Alloteuthis: the tentacle length index (TeLI = TeL / W * 100) and the 
width index (WI = W / DML * 100). Non-parametric comparisons show that both 
indices differ significantly between both species (p < 0.05). However, their maximum 
and minimum values overlap (Fig. 24). 
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Fig. 24. Comparison of the indices defined to distinguish between Alloteuthis media (Am) and 
A. subulata (As): a) tentacle length index (TeLI); b) width index (WI). 
 
Discussion 
Comparison of two dynamic coastal upwelling areas  
In this work we could track and investigate three well defined contrasting 
oceanographic conditions by means of a lagrangian approach: a relaxation event over 
the slope (experiment L1, CAIBEX-I), the onset of coastal upwelling over the shelf 
(experiment L2, CAIBEX-I) and the off shelf transport of coastal waters by an 
upwelling filament (CAIBEX-III).  
 The contrasting oceanographic conditions experienced during the three 
lagrangian studies are common features found off the eastern boundary of the North 
Atlantic subtropical gyre (Fig 1a, Arístegui et al., 2006; 2009). The meridional shift of 
the Trade wind system causes seasonal upwelling in the extremes of the eastern 
boundary (Cape Silleiro, western Iberian Peninsula), while in the central region (Cape 
Ghir, NW Africa) upwelling is permanent all year round (Wooster et al., 1976). 
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Superimposed on seasonal variation, short-term variability in wind direction and 
intensity generates a succession of upwelling/relaxation events of period 1–3 weeks off 
NW Spain (Blanton et al., 1987; Álvarez–Salgado et al., 1993). Thus, thought we could 
not track an upwelled filament during the CAIBEX-I cruise, we could study the change 
of the oceanic ecosystem towards a relaxation stage (experiment L1), as well as a strong 
coastal upwelling that transported the drifting buoys over the shelf approximately 70 km 
southward and alongshore during four days (experiment L2). This advection was similar 
to that observed during the first of the two lagrangian experiments carried during the 
OMEX II cruise (Joint et al., 2001).  
The results obtained during CAIBEX-I showed a changing macrozooplankton-
cephalopod assemblage as the drifters were advected southwards. During L1, the 
change in the assemblage (samples S1 to S7, Fig. 10) coincided with the end of 
upwelling favourable winds and subsequently stratification and warming (Fig. 7a). 
During L2, a clear change in the macrozooplankton assemblage was found shifting from 
fish larvae to neritic cephalopods as the IDB travelled from Cape Silleiro to Esposende 
(samples S13 to S20, Fig. 10). This shift was coupled with the strength of the upwelling 
signal (Fig. 7b). Under this circulation context, behavioral responses related with the 
vertical position may account for the observed distributions, as found in other works 
(Becogneé et al., 2006; Moreno et al. 2009; Roura et al., submitted).  
It is very interesting that the only neritic species found in oceanic waters was O. 
vulgaris, in CAIBEX-I. This evidence highlights the variety of life cycles present in the 
zooplankton assemblage, and their adaptation to the predominant current regime mainly 
controlling their vertical distribution (Queiroga et al., 2004, 2007; Shanks and 
Shearman, 2009). If that vertical regulation did not occur, we would expect to find more 
neritic species advected into the ocean, but not all the variability can be explained by 
physical forcings. Ecosystem structure depends also on biological factors, such as 
predation, grazing and vertical migrations, which promote drastic changes in the 
composition of marine communities (Queiroga et al., 2004; Hernández-León et al., 
2007). Further investigations within the mesozooplankton fraction inside the filament 
are needed to assess which of the three communities present over the shelf (coastal, 
frontal and oceanic, Roura et al., 2013) are advected oceanward. Our results suggest 
that the upwelling filaments would not carry the whole community but certain species 
with life strategies coupled with the oceanic realm, like shelf/slope species (Peterson, 
1998; Shanks and Eckert, 2005), as well as some neritic species that spend some part of 
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its life-cycle in the ocean, like Sardina pilchardus (Rodríguez et al., 1999) or O. 
vulgaris, as shown in this work. 
 During CAIBEX-III cruise we followed coastal upwelled water carried offshore 
by a filament. The extent of the coastal upwelling area reached 50 km width with a 
minimum surface temperature of 16ºC, close to the coast. Some of this upwelled water 
was exported off shelf by a filament extending westward from Cape Ghir, with an 
extension on the order of 100-150 km from the coast, a vertical extension between the 
surface and 50 m depth, and surface temperature up to 4ºC lower than the surrounding 
open-ocean water. Maximum velocities recorded by the drifting buoys were around 0.5 
m.s-1 (C. Troupin, pers. com.). The extension, vertical distribution and velocities 
recorded in this filament fall within the common range of this quasi-permanent feature 
off Cape Ghir (Haynes et al., 1993; Hagen et al., 1996; Arístegui and Montero, 2005; 
Pelegrí et al., 2005), which is of greater intensity than that of NW Spain (Barton et al., 
2001; Álvarez-Salgado et al., 2007). The net transport of the water is off shelf within 
the core of the filament, but below and at both sides of it is common to find onshore 
flow (Navarro Pérez and Barton, 1998; Pelegrí et al., 2005). This reversal flow allows 
phytoplankton and zooplankton to be retained over the shelf and avoid being advected 
offshore (Basterretxea and Arístegui, 2000; Joint et al., 2001). Nonetheless, there are 
mesozooplankton species like Calanoides carinatus, and neritic larvae (sardines, 
decapods, octopus or stomatopods) that remain in the core of the filament and are 
advected hundreds of kilometres offshore (Peterson, 1998; Rodriguez et al., 1999; 
Hernández-León et al., 2002a; Becogneé et al., 2006; Landeira et al., 2009). 
 During CAIBEX-III, only two animals (O. vulgaris and stomatopod larvae) were 
present in coastal and oceanic waters. In this case, their presence in the surface layer of 
the filament confirms that they were advected offshore. Besides, the mean length of O. 
vulgaris increased from the coast to the ocean along the filament suggesting that the 
high zooplankton biomass inside the filament could maintain their growth, as for 
Sardina pilchardus larvae (Rodríguez et al., 1999). In our work, clupeiform larvae were 
also found at the surface of the filament at night, as observed by Rodríguez et al. 
(1999). As the IDB drifted ocean ward the macrozooplankton fraction increased 
gradually, especially mid water fishes, crustaceans and chaetognaths (Fig. 17a, c). The 
extraordinary abundance of chaetognaths (samples G18, G21, Fig. 17a) may be related 
with the presence of a frontal edge between the cold and nutrient-rich waters of the 
filament and the warm and highly stratified oligotrophic surrounding ocean waters (Fig. 
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14). This increase in abundance is usual in convergence zones due to the accumulation 
of biomass (Hernández-León et al., 2007; Landeira et al., 2009). A similar increase in 
abundance was found in the copepod community off NW Spain when the lagrangian 
drifters crossed the southern boundary of the filament (Barton et al., 2001; Halvorsen et 
al., 2001). In spite of this, the mesozooplankton biomass gradually diminishes ocean 
wards (Halvorsen et al., 2001; Hernández-León et al., 2002a; Isla and Anadón, 2004), 
as a result of the interaction between reversal currents found at the edges of the filament 
(Basterretxea and Arístegui, 2000) and moon-mediated top-down control due to diel 
vertical migrants feeding on epipelagic mesozooplankton at night (Hernández-León et 
al., 2007).      
Macrozooplankton as potential predators of cephalopod paralarvae 
  
The contrasting diversity found in both cruises is a common feature of 
subtropical and temperate ecosystems, given that high faunal diversity is found in low 
latitude oligotrophic oceans (Hutchinson, 1961; Clarke, 1973). This high 
macrozooplankton diversity in an apparently “structureless” ecosystem is the result of a 
high degree of niche overlap and diffuse competition, which is the reduction of inter- 
and intraspecific competence through resource-partitioning (Hopkins et al., 1994; 
Hopkins and Sutton, 1998). If we consider the three main representatives of the 
macrozooplankton, i.e., mid water fishes, decapods and euphausiids, in CAIBEX-I 13 
different taxa were collected, while in CAIBEX-III, carried out at lower latitude, up to 
28 different taxa were collected. This latitudinal increase in diversity is also shown by 
the mysiids, with only one found in CAIBEX-I, and three deep mesopelagic mysiids in 
CAIBEX-III. Indeed, the species Gnathophausia zoea and Lophogaster spinosus have 
never been cited in Morocco. The closest record for both species is the Canary Islands 
(Wittmann et al., 2004). L. spinosus has been recently found in the Gulf of Cádiz 
(Abelló et al., 2011). Furthermore, it is the first time that the shrimp Stenopus hispidus 
(zoea III) has been recorded in Moroccan waters (Dias de Almeida Fernandes et al., 
2009). 
The macrozooplankton assemblages found in this work: mid water fishes, 
shrimps and chaetognaths (> 2 cm, only during CAIBEX-III) were very similar to those 
obtained in other tropical or subtropical areas of the Atlantic (Donaldson, 1975; Roe, 
1984; Roe and Badcock, 1984; Hopkins et al., 1994, 1996; Hopkins and Sutton, 1998; 
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Burghart, 2006) and Pacific (Clarke, 1973; Nishida et al., 1988; Brodeur and 
Yamamura, 2005). Within the mid water fishes, the high prevalence of Cyclothone spp. 
in the deepest samples is a common situation, as well as the myctophids displaying 
vertical migrations (Clarke, 1973; Hopkins et al., 1996; Burghart, 2006; Wienerroither 
et al., 2009). The dominant decapod families found, pasiphaeidae in CAIBEX-I and 
oploporidae and sergestidae in CAIBEX- III, agreed with the common distribution of 
mid water decapods according to the latitude (Foxton and Roe, 1974; Donaldson, 1975; 
Hargreaves, 1985; Hopkins et al., 1994). 
Euphausiids, mesopelagic fishes, and decapods are pivotal components of 
marine ecosystems. They play important roles due to their substantial biomass, 
widespread and ubiquitous occurrence, and intermediate body sizes between 
mesozooplankton and larger nektonic organisms. In addition, their ability for vertical 
migration means that they also play an indispensable role in transporting organic 
material between the autotrophic euphotic and heterotrophic mesopelagic zones 
(Hernández-León et al., 2007). This active flux, called the macrobial pathway, was 
quantified in Canary Island waters corresponding to 16–45% of the flux mediated by the 
gravity (Hernández-León et al., 2001; Yebra et al., 2005). Therefore, the characteristic 
high production of upwelling areas should be sedimented or fed on by the DVMs, 
increasing the biomass of the DSLs. Besides, diel vertical migrations were more intense 
in the surface of the filament than in the rest of areas sampled, which evidences that 
DVMs specifically migrate to surface waters carried by the filament to benefit from its 
increased biomass. An important fraction of the zooplankton biomass exported by the 
filament is preyed upon DVMs explaining the drastic decrease of zooplankton outside 
the African shelf (Hernández-León et al., 2007). Hopkins et al. (1996) estimated that in 
the eastern Gulf of Mexico > 80% of the predation impact by the midwater fish 
assemblage is in the epipelagic zone at night, where they consume about 5-10% of total 
zooplankton, 3-6% of copepod, 16-31% of euphausiids and up to 95% of fish daily 
production every night. Considering the dominant groups of micronekton, mid water 
fishes and shrimps, together consumed 25% of zooplankton daily production (Hopkins 
et al., 1994, 1996). In the Southern Ocean, myctophids are estimated to feed on 5 to 
20% of zooplankton biomass standing stock in the upper 300-m layer every day 
(Pakhomov et al., 1999).  
Adult cephalopods are common prey for marine mammals, seabirds, sharks and 
fishes (reviewed in Clarke, 2006). Its importance as prey in the micronekton fraction is 
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difficult to assess, because few solid structures can be recognized (beaks, radulae, or 
plumes). Nonetheless, cephalopods have been identified as prey in the two major groups 
of the micronekton assemblage: decapods and mid water fishes. Within the decapods, 
cephalopods has been eaten by members of the family Oplophoridae: Acanthephyra, 
Oplophorus, Notostomus and Systellaspis (4.8% of their diet), and the penaeid 
Gennadas (Foxton and Roe, 1974; Hopkins et al., 1994; Burghart, 2006). Within the 
mid water fishes of the Gulf of Mexico, cephalopods were identified in the stomiid fish 
Heterophotus ophistoma, in small Sternoptychidae (10-49 mm standard length), in the 
Cathylagidae, as well as were the main prey in Cryptopsaras couesi (Ceratiidae), 
Omosudis lowei and Coccorella atlantica (Evermannellidae) (Marshall, 1954; Rofen, 
1966a, b; Hopkins et al., 1996; Sutton and Hopkins, 1996). Occasional predation was 
detected in Odontostomops normalops (Evermanellidae) and in Gonostoma 
(Gonostomatidae) (Hopkins et al., 1996). The only cephalopods identified based on 
beak morphology were Pyroteuthis margaritifera and Pterygioteuthis gemmata, which 
are among the numerically dominant species in the eastern Gulf assemblage (Passarella 
and Hopkins, 1991). Although chaetognaths are important members of the 
macrozooplankton assemblage in the open ocean, this group is mainly a copepod feeder 
(constituting 74–100% of their diet) together with cnidarians, decapod larvae, 
cladocerans and other chaetognaths but never has been cited predation over cephalopods 
(Stone 1969; Bushing and Figenbaum, 1984; Feigenbaum and Maris, 1984; Øresland, 
1990; Marazzo et al., 1997; Kehayias, 2003) 
Given that almost all the macrozooplankton identified during CAIBEX-I and -III 
were carnivorous, predation within the cephalopod assemblage by the 
macrozooplankton must be of considerable importance. Besides, it is important to note 
out that three of the five most abundant decapods found during CAIBEX-III Systellaspis 
debilis, Gennadas brevirostris and Acanthephyra purpurea (Table 4), are known to be 
cephalopod predators (Foxton and Roe, 1974; Hopkins et al., 1994). Another important 
point is the indirect effect of DVMs feeding over the epipelagic zooplankton reducing 
its biomass (Hernández-León et al., 2007), which in turn reduce the natural prey of 
cephalopod larvae. This effect, which is almost impossible to account, is intimately 
related with mortality due to prolonged starvation times. For short-lived animals that 
display net avoidance, such as pelagic micronektonic cephalopods, estimations of 
natural mortality are nonexistent to date (Brodeur and Yamamura, 2005). Future works 
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in this field should be conducted to assess which percentage of the micronektonic 
cephalopod assemblage is consumed by the macrozooplankton 
Cephalopod paralarvae distribution 
Overall, 377 cephalopod early life stages and one adult were collected during the 
CAIBEX-I and -III cruises. The sampling gear used in this study (bongo nets) 
successfully collected cephalopod paralarvae, young immature of large species and 
adults of very small species ranging from 1.29 - 13.8 mm DML, but only one adult of 
Mastigoteuthis hjorti. Therefore, this type of sampling is good to know the composition 
of cephalopod paralarvae and juveniles in a given area, but it is inappropriate to know 
the adult composition. The rarity of adult cephalopods in nets is a reflection of their 
avoidance capacity rather than their low numbers as shown by their importance in diets 
of many marine animals (Clarke, 2006). 
It is remarkable the difference in cephalopod paralarvae diversity found in both 
surveys. Only 8 species (depending on the different ommastrephids that are presumably 
3) belonging to four cephalopod families (Octopodidae, Loliginidae, Sepiolidae and 
Ommastrephidae) were found during CAIBEX-I off the coast of Spain and Portugal 
(between 41º15’N and 42º6’N). These families include coastal - shelf species, with the 
exception of some ommastrephids that are considered oceanic mid water species 
(Clarke, 2006; Jereb and Roper, 2010). In contrast, up to 20 species belonging to 12 
families were found during CAIBEX-III off the coast of Morocco (between 30º14’N 
and 31º26’N). These families included the neritic families found during CAIBEX-I, 
plus the oceanic mid water families (Onychoteuthidae, brachioteuthidae, pyroteuthidae, 
enoploteuthidae, cranchidae and mastigoteuthidae, and perhaps Ancistrocheiridae and 
Octopoteuthidae). This latitudinal difference in diversity seems to be a common feature 
in cephalopod distribution (Clarke, 2006; Vecchione et al., 2010). Indeed, the area 
sampled during CAIBEX-III is almost located at the latitude of the highest cephalopod 
diversity for the North Atlantic (32ºN, Clarke, 2006). 
The main reasons for the absence of tropical and subtropical oceanic cephalopod 
paralarvae during CAIBEX-I may be the persistent fronts between the shelf and deep 
waters close to Cape S. Vicente (37ºN) together with water temperature, which 
represent a boundary to poleward dispersion (Peliz et al., 2005; Moreno et al., 2009). In 
fact, Moreno et al. (2009) only found 22 oceanic paralarvae belonging to four different 
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species north of 40ºN in 57 surveys carried from 1986 to 2004. Of these, three were 
tropical species (Onychoteuthidae and Mastigoteuthidae) found from January to June 
and Teuthowenia megalops, a sub-Arctic and northern temperate Atlantic species only 
found in winter months (Collins et al., 2001; Moreno et al., 2009). The only record of a 
tropical species found north of 40ºN in the eastern Atlantic is Brachioteuthis riseii 
paralarvae, a cosmopolitan oceanic species found west of British Isles between March 
and July (Collins et al., 2001). Accordingly, the absence of oceanic paralarvae during 
CAIBEX-I was a normal result according to the area sampled (41 and 43ºN) that is 
further north from their spawning grounds off southern Portugal, and the month 
sampled (July) that is too warm (17ºC SST) for northern temperate Atlantic.  
An unexpected finding of CAIBEX-I paralarvae barcoding was the presence of 
Sepiola tridens (de Heij and Goud, 2010) in samples collected off the Portuguese shelf 
at night with bottom depths ranging from 100 to 148 m. This species was described 
from specimens collected in the North Sea, Ireland and the north-western shelf of Spain 
(de Heij and Goud, 2010), and its presence off the Portuguese coast increases their 
southern limit to 41º23’N. Morphologically, juveniles of this species cannot be 
separated with certainty from S. atlantica, except that S. tridens inhabits deeper waters 
(average depth 81.8m) than S. atlantica (average depth 37.4 m, de Heij and Goud, 
2010). 
 The adults of most of the cephalopod paralarvae found during CAIBEX-III are 
common inhabitants of the tropical and subtropical waters of the Atlantic Ocean (Rees 
and Maul, 1956; Roper and Young, 1975; Collins et al., 2001; Clarke, 2006; Moreno et 
al., 2009; Jereb and Roper, 2010). Nonetheless, there were some exceptions that 
suppose new records for the eastern Atlantic like a juvenile of Sepiola ligulata (2.9 mm 
DML), collected in the Moroccan shelf (31º0.02’N, 10º0.78’W) at 80 m depth. S. 
ligulata is a species that, to the best of our knowledge, was only found in the 
Mediterranean Sea (Jereb and Roper, 2005). Moreover, a specimen of S. atlantica (3 
mm DML) collected in the same sample as S. ligulata, increases the southern Atlantic 
distribution of this species up to 31ºN. To our knowledge, the early life stages of 
Ancistroteuthis lichtensteinii (n=18, 1.7 – 10.1 mm DML) collected during CAIBEX-III 
are the smallest ever found in the Atlantic. Apart from our paralarvae, juveniles and 
subadults of A. lichtensteinii (n=27, 9 - 175 mm DML) were found at the northern mid-
Atlantic ridge from 41 to 50ºN (Vecchione et al., 2010). The number of paralarvae of A. 
lichtensteinii collected during CAIBEX-III contrast with the adults scantly collected in 
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the Atlantic Ocean, with only two adults reported for the Eastern Atlantic (Rasero et al., 
1993; Clarke, 2006), 11 subadults collected in the Northwestern Atlantic (Vecchione 
and Pohle, 2002) and 1 subadult off the Gulf of Mexico (Voss, 1956). Due to the 
scarcity of adults, to date it is ignored if they display vertical migration as other 
onychoteuthid squids do (Roper and Young, 1975). Nevertheless, the vertical 
distribution of the A. lichtensteinii collected during CAIBEX-III confirms that this 
species displays vertical migration at least during their early life stages (Table 4). 
The extraordinary density of A. media found in the coastal sample seems to be a 
school of young cephalopods, as observed for Illex argentinus off the coast of Brazil 
(Vidal et al., 2010). The larger size of the A. media collected in the water column 
suggest a behavioural response of this school against the strong onshore currents present 
off the shelf, as observed for Doryteuthis opalescens (Vidal et al., 2010). The presence 
of A. subulata in both surveys contrast with the low abundance found for this species in 
the work of Anderson et al. (2008), and their absence in the work of Adam (1983). This 
two species are almost identical but differ in some body lengths, so the two indices 
developed in this work (TeLI and WI) will help to assign the small Alloteuthis 
paralarvae to one species or another. However, these indices overlap to some extent, 
revealing the extraordinary similarity of the two species and some caution must be 
placed. We observed that the lateral fins of A. subulata are larger than those of A. 
media. 
Vertical distribution of the oceanic cephalopod paralarvae found during 
CAIBEX-III show that all families displayed vertical migration, being scarcely 
abundant below 100 m depth during daytime and more abundant and dispersed in the 
water column from 500 m to the surface at night. All the cephalopod families collected 
during the two cruises are vertical migrators as adults (Clarke and Stevens, 1974; Roper 
and Young, 1975; Clarke and Lu, 1995) and were only present in the filament and 
oceanic samples. Instead, neritic cephalopod paralarvae showed different vertical 
distribution depending on the family. Loliginids, sepiolids and ommastrephids were 
dispersed in the water column at night and almost absent from the water column during 
the day (Table 3), suggesting that they are close to the bottom during daylight. The 
observed vertical distribution coupled with the oceanography under upwelling 
conditions, is in accordance with the horizontal distribution found for these families, 
which are confined to coastal areas. It is important to note that there are also oceanic 
ommstrephids, but the ones collected in this work may correspond to coastal species 
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like Todaropsis or Illex. However, the opposite occur with the vertical distribution of O. 
vulgaris, which are close to the surface at night and in the water column during the day. 
Therefore, under the same oceanographic conditions, the O. vulgaris larvae are advected 
ocean wards as suggested by Roura et al. (submitted) 
Octopus vulgaris: a neritic species? 
The results obtained in CAIBEX-I and -III solved some questions about the 
ecology of O. vulgaris paralarvae in the wild. The vertical distribution of the paralarvae 
confirm that this species display vertical migration during its planktonic phase (Tables 3 
and 4). It is the first time that this species is found in NW Africa (30-31ºN), despite the 
surveys carried in the area (Roura unpublished data) and further south in Cape Blanc 
(Morales and Guerra, 1977). The horizontal distribution of paralarvae revealed that O. 
vulgaris was the cephalopod with the widest distribution, found in all locations 
sampled: coast, upwelling area, filament and surrounding ocean waters. To date, all O. 
vulgaris paralarvae had been collected over the shelf (Rees, 1950, 1952; Rees and 
Lumby, 1954; Rocha et al., 1999; Sakaguchi et al., 1999; González et al. 2005; Otero, 
2007; Moreno et al., 2009; Roura et al., 2013). Nonetheless, up to 74 O. vulgaris were 
collected from oceanic samples during CAIBEX-I and -III (bottom depths ranging from 
808 to 3105 m). Besides, these larvae were bigger and had more suckers per arm than 
those collected over the shelf (Figs. 20, 21, Table 6).  
These results confirm the hypothesis that O. vulgaris hatchlings are advected 
oceanward coupling their vertical distribution with the prevailing oceanographic 
conditions as suggested by Roura et al. (submitted). Consequently, O. vulgaris must be 
considered a neritic-oceanic species at least during their planktonic phase. Indeed, this 
life strategy during their dispertive stage, may be the key of their success to colonise 
islands (Guerra et al., 2010) and inhabits both sides of the Atlantic (Jereb and Roper, 
2010). 
As the O. vulgaris paralarvae are advected oceanward, their coastal preys (Roura 
et al., 2012) are more scattered (Queiroga et al., 2004), and the abundance of their 
potential predators increases (oplophorid and penaeid decapods, midwater fishes as well 
as other cephalopods). Under this scenario, two adaptations are expected in the ecology 
of the larvae that may contribute to their survival. First of all O. vulgaris should 
enhance their capacity to attack copepods that are the most abundant mesozooplankton 
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found in open oceanic waters (Hernández-León et al., 2007) and a common prey in 
other cephalopod larvae (Passarella and Hopkins 1991; Vecchione, 1991; Venter et al. 
1999; Vidal and Haimovici, 2002). Therefore, a switch in their feeding habits would be 
expected from specialist (Roura et al., 2012) to generalist in order to avoid dying by 
prolonged starvation times. The other adaptation would be to decrease the mortality 
caused by predation. In order to conceal the paralarvae from their visual predators in the 
plankton, O. vulgaris paralarvae are translucent, with the chromatophores located in the 
ventral surface (Rees, 1950; Packard, 1985). The only exceptions are the eyes, digestive 
gland and ink sac, though all these structures have associated iridocytes with reflective 
properties that mask their shape (Nixon and Mangold, 1996). Octopus paralarvae 
display a camouflage strategy that is common within the epipelagic oceanic 
micronekton like decapods, fishes, chaetognaths, heterotrachids or oceanic squids like 
cranchids or glass octopuses (Seapy and Young, 1986; Hanlon and Messenger, 1996). 
This adaptation for the epipelagic realm is another evidence of their oceanic life strategy 
indeed. 
 Another important questions are how, when and where do O. vulgaris paralarvae 
return to the coast. The transport mechanism is out of doubt because, as they do to go 
ashore, they can go inshore taking advantage of the currents only changing their vertical 
distribution. The point is whether they return in the surface layer or close to the bottom. 
If they returned in the surface layer, supported by the observation of pre-settlement 
larvae on flotsam and jetsam in the sea off Natal, South Africa (M. J. Smale pers. com. 
in Nixon and Mangold, 1996), we should find older paralarvae in the samplings carried 
over the shelf. However, the absence of O. vulgaris of more than 4 suckers in all the 
samplings carried in Western Iberian Peninsula from 1986 to 2010 (Rocha et al., 1999; 
González et al. 2005; Otero et al., 2009; Moreno et al., 2009; Roura et al., 2012, 2013), 
gives few support to this hypothesis. To date, O. vulgaris of more than 4 suckers were 
found at the English Channel in August 1948, 1949 (Rees, 1950, 1952; Rees and 
Lumby, 1954; Nixon and Mangold, 1996) and in the Seto Inland Sea of Japan from 
October to December (Sakaguchi et al., 1999). Though these two areas correspond to 
the northernmost distribution of O. vulgaris and a different timing is expected on them, 
it is interesting that young octopuses were found in autumn and winter months. 
Consequently, autumn and winter samplings are needed in NW Spain at night to test if 
O. vulgaris may be returning to the coast after growing in the ocean, given that most of 
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the samplings were carried between May and October in this area (Rocha et al., 1999; 
González et al. 2005; Otero, 2007; Roura et al., 2013).  
The other hypothesis is that O. vulgaris paralarvae will settle in the ocean and 
return to the coast close to the bottom, which would explain their absence in the water 
column indeed. This hypothesis is the most plausible under the light of the surveys 
carried in the area, and the morphological changes that do occur in O. vulgaris as they 
get close to the settlement stage. If we consider that the growth from hatching to 
settlement involves a 250-fold increase in weight and that the paralarvae in the plankton 
is continuously adjusting their vertical position by means of jet propulsion (Villanueva 
and Norman, 2008), overweight may be considered as an important stimulus to 
settlement, as well as changes in the tissues density and detection of suitable coastal 
waters and substratum via receptors (Nixon and Mangold, 1996). 
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Fig. 25. Total abundance (individuals 1000 m-3) of O. vulgaris paralarvae collected in CAIBEX-
I and III surveys according to the number of suckers of the paralarvae. 
 
Nonetheless, it is important to bear in mind that only a small fraction of 
hatchlings will return and settle due to the high mortalities experienced during the 
planktonic phase, as shown in this study. If we consider all the paralarvae found in this 
work, the overall abundance of 3-suckers O. vulgaris was around 1 paralarvae each 
2,000 m3 (105 paralarvae found in 197,021 m3), which clearly contrast with that of 12-
suckers O. vulgaris that was around 1 paralarvae each 200,000 m3. If the potential 
function obtained by regression of the total abundances of O. vulgaris according to the 
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number of suckers (Fig. 25), is used to estimate the abundance of paralarvae that are 
ready for settlement (between 22-23 suckers, Nixon and Mangold, 1996), we might find 
one 22-sucker O. vulgaris each 2,150,000 m3 or one 23-sucker O. vulgaris each 
2,480,000 m3. This ridiculous abundance is above the limits of any sampling project. As 
an example, during this PhD 375 plakton hauls were carried out filtering 309,257 m3 of 
seawater. Thus, apart from other explanations, it seems extremely fortuitous to find pre-
settlement larvae in plankton samplings. In addition, it is important to note that enlarged 
larvae may be avoiding the net (Clarke, 2006), which would greatly difficult their 
capture. 
Another important aspect addressed in this work, is the natural mortality of O. 
vulgaris paralarvae in the plankton. The instantaneous rate of mortality of O. vulgaris 
(Z) can be considered as the mortality by natural causes (M), plus the fishing mortality 
(F) (Guerra and Sánchez-Lizaso, 1998). Given that all the hauls were done with the 
same net, at the same speed and that O. vulgaris were scattered through the sampling 
area (Tables 3 and 4), catchability can be considered as constant and F should be 
negligible. Accordingly, the value of Z obtained for O. vulgaris (Fig. 22a), represents 
their natural mortality (M) in the wild.  
The survival of O. vulgaris in the wild was compared against the survival 
obtained under culture conditions from hatching to settlement (data obtained from the 
revision of Villanueva and Norman, 2008). Surprisingly, the survival rates obtained 
from wild O. vulgaris were within the values obtained under culture conditions, 
suggesting that similar selective pressures are acting on them (Fig. 22b). One would 
expect that feeding might be optimum in wild specimens and that the major concern 
would be predation. Nonetheless, the high trophic selectivity displayed by early 
hatchlings of O. vulgaris in the coastal domain (Roura et al., 2012), may account for a 
significant percentage of mortality in the oceanic domain, which should be added to that 
caused by predation. The opposite do occur under culture conditions, where predation is 
almost null (except cannibalism) and feeding is the main cause of mortality (Iglesias et 
al., 2007). Hence, in order to increase the survivorship under culture conditions it would 
be essential to know the diet of wild paralarvae, not only during their first days in the 
coastal domain (Roura et al., 2012), but throughout their growth in the oceanic realm. In 
this regard, we are carrying analyisis to determine if there exists a switch in the diet of 
O. vulgaris larvae as they are advected in the ocean.  
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The other way of interpreting the similarity found in the survival rates of wild 
and cultured O. vulgaris paralarvae, is that the extremely low survival rates obtained 
under culture conditions may represent the survival in the wild. This high mortality 
during the early stages would explain the fecundity of this species 500.000 (Mangold, 
1983a), as a way to ensure the continuity of the species, because only a very small 
fraction of the hatchlings (the most adapted or “preadapted” sensu Peterson, 1998) 
would reach the settlement stage and develop as adults. Furthermore, this high mortality 
ensures that a small number will success into settlement and benthic growing. The 
balance between environmental influences (Otero et al., 2008, 2009) and biological 
interactions (Roura et al., 2012), determines the survivorship of the paralarvae during 
their planktonic stage and would account for the wide interannual fluctuations observed 
in the catch of this species (Otero et al., 2008) 
Visual identification accuracy for cephalopod paralarvae 
It is important to note the impossibility to identify cephalopod paralarvae by 
visual identification below certain size due to the absence of external characters, the 
absence of hard structures and, quite often, the presence of deformed specimens or in 
poor state of conservation. Besides, some characters like the chromatophore pattern, are 
only present in fresh specimens, but hardly conserved in fixed animals (Sweeney et al., 
1992). As a result of this lack of good and updated guidelines for the identification of 
cephalopod paralarvae from morphological and anatomical characters, in this study we 
have incurred several misidentifications, especially among the neritic families 
Loliginidae, Sepiolidae and Ommastrephidae. 
It was surprising the absence of Eledone cirrhosa paralarvae in our samplings, 
despite the common presence of this octopod in bottom trawlings over the NW Iberian 
shelf (Regueira et al., in prep.). To date, E. cirrhosa paralarvae have been only found 
around the Shetland Islands and off the west coast of Scotland between May and June 
(Collins et al., 2002). This absence can be explained according to the oceanography and 
the location of Eledone larvae. During spring and summer north-easterly winds 
predominate in the Iberian basin (Bakun and Nelson, 1991), producing the southward 
flowing ‘Iberian Coastal Current’ at the surface (< 100m) and the northward flowing 
‘Iberian Poleward Under Current’ (IPUC) at the slope. Given that most of the eledonids 
are found over the slope in Galician waters, their hatchlings would be advected 
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northwards by the IPUC. We guess that eledonid paralarvae are not truly pelagic but 
associated with the sea bottom by two reasons: i) not a single larvae was captured in the 
Iberian Peninsula from the surface to 500 m (Rocha et al., 1999; González et al. 2005; 
Otero, 2007; Moreno et al., 2009; Roura et al., 2013, this work) and ii) the presence of 
direct benthic hatchlings in E. moschata (Mangold, 1983b). However, further studies 
should be carried to corroborate this suggestion. 
Within the loliginid squids, we thought at first glance that the paralarvae found 
during CAIBEX-I and -III were all Loligo vulgaris. However, genetic barcode revealed 
the existence of 111 Alloteuthis media, 18 A. subulata, and only 2 L. vulgaris. This fact 
evidences that currently, the only option to ensure a correct identification of loliginid 
paralarvae is by means of genetic barcodes, at least, until precise external characters 
will be defined. Based on our results, the assumptions made in the works of Moreno et 
al. (2009) and González et al. (2010) that the loliginid paralarvae caught off the western 
Iberian Peninsula were mainly L. vulgaris, has to be taken with caution. Indeed, further 
investigation within this group coupling genetics and morphometrics is needed, in order 
to identify good characters that allow the accurate designation of the Eastern Atlantic 
loliginid paralarvae. 
Another family that needs further resarch is the Ommastrephidae. Ommastrephid 
paralarvae descriptions are not yet available or they need costly methodologies (SEM 
images) for correct identification (Villanueva et al., 2011). Consequently, visual 
identification is virtually nil in this group and the only way is using genetic barcodes. 
The phylogenetic tree built with oegopsid squid sequences retrieved from GenBank 
(Annexe 1) revealed the existence of, at least, three different ommastrephid species 
during CAIBEX-I. The absence of many relatives in the database made that only one 
sequence of Illex coindetii was identified at species level (100% homology). The other 
two ommastrephid sequences lack closest matches in the database. We found that two 
of the most common ommastrephid species in the coastal-oceanic domain off Eastern 
Atlantic, Todarodes sagittatus and Todaropsis eblanae (Jereb and Roper, 2010) were 
not present in the genetic database. It is quite likely that those rhynchoteuthions found 
over the shelf would be T. eblanae and those found in the ocean would be T. sagittatus, 
according to the different life styles of these species (Clarke and Lu, 1975; Adam, 1983; 
Clarke, 2006; Jereb and Roper, 2010).  
The last neritic family found in the present study, the sepiolids, were also 
impossible to identify morphologically to species level below 4.5 mm DML due to the 
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absence of photophores and developed tentacles in young specimens. The good thing is 
that a big number of sequences within this group are found on GenBank and precise 
identifications can be obtained. However, many sequences submitted to the database are 
wrongly identified, which is indicative of the difficulty to identify young sepiolids, and 
some care must be taken as warned by de Heig and Goud (2010). 
Within the oceanic species most of the inconsistencies between visual and 
genetic identifications were found for Pyrotheutidae, Enoploteuthidae, Brachiteuthidae 
and other oegopsids. The presence of photophores is essential for pyroteuthid 
identification, however these structures appear as the paralarvae grow and are not 
present in the smallest paralarvae making impossible their identification below 3,5 mm 
DML. We guess that the undefined pyroteuthid found in this work (closest match 
Pyroteuthis addolux, 90 % homology) would be Pterygioteuthis giardii, which is a 
cosmopolitan tropical-subtropical species (Jereb and Roper, 2010). Abraliopsis morisii 
(junior synonym of A. pfefferi) was difficult to identify below 3.3 mm DML because 
their characteristic arms and tentacles were not yet developed, and the paralarvae were 
heavily deformed. Almost the same did occur with Brachioteuthis riseii below 3.9 mm 
DML, because their characteristic tentacles were not yet developed. Ancistroteuthis 
lichtensteinii were wrongly identified by eye below 4 mm DML due to deformations 
and mantle cavities broken. Within the group oegopsids we placed paralarvae below 6 
mm DML that are severely damaged and do not have any distinctive character. 
Furthermore, their closest match in GenBank (87%) does not allow us to assign them to 
a given family due to the absence of their closer relatives in the database. In these cases 
the highest taxonomic level could only be assigned constructing phylogenetic trees with 
the highest representation of oegopsid families. 
The data recovered during CAIBEX I and -III cruises draw the main changes 
that do occur in the macrozooplankton fraction and early stages of cephalopods under 
three contrasting oceanographic situations. Though we only gathered information for 
the biggest fraction of the zooplankton, future work will be carried in the 
mesozooplankton (0.2 – 2 cm) to have a complete picture of the marine ecosystem in 
the two coastal upwelling areas. Coupling this valuable information with the 
biochemistry, the production and the smallest plankton fractions (pico, nano and 
microplankton) will give us a profound understanding of the coastal upwelling areas of 
the eastern Atlantic and its relation with biogeochemical processes. Though we would 
like to have all these elements together to have the best understanding of the ecosystem, 
Roura, 2013: Ecology of planktonic paralarvae
178
most of the biological data is still unprocessed (like the mesozooplankton) or not yet 
published. Thus, here we presented the first biological data within a physico-chemical 
framework. We benefited from the beautiful description of the physics and formation of 
the filament observed in CAIBEX III cruise (Troupin, 2011), as well as from the reports 
of both surveys (available at www.iim.csic.es/~barton/caibex/). 
Conclusions 
1. In this work we have been able to track and investigate three contrasting 
oceanographic situations in two different regions off the eastern boundary of the North 
Atlantic subtropical gyre: a relaxation event in the ocean and the onset of coastal 
upwelling with alongshore transport (Cape Silleiro, NW Spain, CAIBEX-I cruise), and 
the onset and development of a coastal upwelling advected offshore by a strong filament 
(Cape Ghir, NW Africa, CAIBEX-III cruise). 
2. The abundance of the macrozooplankton assemblage increased towards the 
ocean in both surveys. Over the shelf there the macrozooplankton assemblage was 
constituted mainly by neritic fish larvae and some crustaceans (crabs and stomatopod 
larvae). 
3. The increase in abundance of diel vertical migrators (DVMs) was far more 
intense in the surface of the filament than in the rest of areas surveyed at night, which 
suggests the higher predatory influence of DVMs upon the zooplankton biomass carried 
by the filament. 
4. Surprisingly, in the oceanic samples the influence of DVMs only changed the 
macrozooplankton assemblage but not its abundance.  
5. DVMs, especially mid water fishes, decapods and euphausiids were found over 
the slope in both surveys, with increased abundances at night. 
6. Two mesopelagic mysids Gnathophausia zoea and Lophogaster spinosus as well 
as the coastal shrimp Stenopus hispidus (zoea III) were cited in Moroccan waters for the 
first time. 
7. Extensive bibliographic search allowed us to determine the potential predators of 
cephalopod early stages in the oceanic realm. Further effort is needed to assess which 
percentage of the micronektonic cephalopod assemblage is consumed by the 
macrozooplankton. 
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8. It was a notable difference in the amount of species found in both surveys 
(cephalopods and macrozooplankton), which reflects a latitudinal effect with increased 
diversity towards the tropics. 
9. Eight species belonging to four cephalopod families (Octopodidae, Loliginidae, 
Sepiolidae and Ommastrephidae) were found in CAIBEX-I off the coast of Spain and 
Portugal (between 41º15’N and 42º6’N).  
10. Twenty species belonging to 12 families were found during CAIBEX-III off the 
coast of Morocco (between 30º14’N and 31º26’N). These families included the neritic 
families found during CAIBEX-I, plus the oceanic mid water families 
(Onychoteuthidae, Brachioteuthidae, Pyroteuthidae, Enoploteuthidae, Cranchiidae, 
Mastigoteuthidae and undefined oegopsida).  
11. O. vulgaris is a neritic-oceanic species during their plankton life-stage. These 
larvae coupled their diel vertical migration with the dynamics of the upwelling zones to 
be advected oceanward, were they spend their planktonic stage. This oceanic life 
strategy is reinforced by the increasing size of the paralarvae towards the ocean and its 
transparency, which is a common adaptation of oceanic species that inhabit the 
epipelagic zone.  
12. Further effort is currently focus to determine if there exists a switch in the diet of 
O. vulgaris larvae, from specialist to generalist as they are advected in the ocean, as 
well as autumn and winter samplings are needed to test if O. vulgaris may be returning 
to the coast after growing in the ocean. 
13. It is the first time that the natural mortality of O. vulgaris was stimated in the 
wild, and surprisingly it is very similar to that found under culture conditions. 
14. Barcode identifications allowed increasing the hitherto known distributions of 
three sepiolids. It is the first time that Sepiola ligulata has been found in the Atlantic 
Ocean (31ºN - 10ºW, CAIBEX-III). Other species like S. atlantica, increases its 
southern Atlantic distribution up to 31ºN, as well as S. tridens that extends it up to 
40º23’N. 
15. Genetic barcoding revealed that only two larvae out of 131 loliginids were 
Loligo vulgaris.  
16. The two species of Alloteuthis were identified by barcoding during CAIBEX-I 
and -III surveys, revealing that A. subulata was significantly bigger than A. media. A 
school of young Alloteuthis media was detected close to the bottom in the coast off 
Cape Ghir.  
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17. Two indices were invented in order to discriminate between A. media and A. 
subulata: the tentacle length index (TeLI = TeL / W * 100) and the width index (WI = 
W / DML * 100), which differed significantly. 
18. Visual misidentification did occur with the early stages of the neritic cephalopod 
families Sepiolidae, Loliginidae and Ommastrephidae, due to the lack of descriptions 
mostly in the two last ones, and lack of identifying characters (Sepiolidae). 
19. Though visual identification failed identifying the different ommastrephids, 
phylogenetic analysis of COI revealed the presence of Illex coindetii plus at least two 
different species that are likely to be Todarodes sagitattus (those found in the oceanic 
realm) and Todaropsis eblanae (those find over the shelf). 
20. The early stages of Ancistroteuthis lichtensteinii found in CAIBEX-III are the 
smallest ever collected, and will be useful to describe their development. Diel vertical 
migration is demonstrated at least for the early stages. 
21. Most of the cephalopod midwater families found were impossible to identify 
below 4 mm DML, with the exception of Liocranchia reinhardtii. 
22. Genetic barcoding is an excellent tool to identify cephalopod paralarvae below 4 
mm DML, an essential to identify damaged larvae. Nonetheless, this tool must be 
enhanced with sequences from cephalopods that are not present in the database to date. 
It is essential that these submissions will be supported by precise 
morphological/anatomical identifications. 
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Appendix 
 
Appendix 1. Maximum parsimony tree for affiliating the oegopsid barcoding sequences 
obtained from cephalopods found in CAIBEX-I and III. Numbers on the branches show 
bootstrap probabilities after 1000 replications. Accession numbers appear on the 
oegopsid sequences obtained from GenBank.  
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1. Se ha podido determinar, por primera vez, la dieta de las paralarvas del pulpo 
común Octopus vulgaris en la naturaleza usando técnicas moleculares, pese a la 
dificultad que conllevaba la ausencia de restos identificables, debido a su modo de 
ingestión por succión. En total se detectaron 20 presas distintas: 16 crustáceos 
decápodos (6 especies de Brachyura, 3 especies de Alpheidae, 2 especies de 
Processidae, 2 especies de Anomura, un Thalassinidae, un Porcellanidae y un 
Crangonidae), 1 especie de krill y tres especies de pez (2 Gobiidae y Carangidae). 
Comparando la abundancia de las presas detectadas con su abundancia en el medio, se 
descubrió que las larvas de pulpo son depredadores muy especialistas durante sus 
primeros días de vida planctónica. Este hecho puede estar relacionado con la natación 
fácilmente predecible de los decápodos, en comparación con la natación impredecible 
de los copépodos. 
 
2. Se han descrito por primera vez las comunidades de mesozooplancton presentes 
en la Ría de Vigo durante la época de afloramiento (julio a octubre). Tanto en verano 
como en otoño se identificaron tres comunidades: una costera, otra de frente (costa-
océano) y otra oceánica. El gradiente costa-océano se debió principalmente a la 
disminución en abundancia, riqueza y diversidad hacia el océano, paralelo a un 
incremento en la relación holoplancton/meroplancton. 
 
3. La influencia del medio sobre las comunidades mesozooplanctónicas se 
cuantificó mediante modelos lineares basados en distancias entre matrices de 
similitudes. De esta manera, se pudo determinar que la variabilidad encontrada en la 
matriz de similitudes del mesozooplancton se puede explicar, de forma aislada, por la 
meteorología (39.1%, 4 variables), la hidrografía (46.6%, 10 variables) y variables 
biológicas (54.5%, 7 variables) de la comunidad de zooplancton. Sin embargo, si se 
usan estas tres matrices conjuntamente cambia el poder explicativo de la meteorología 
(6%) y la hidrografía (16.1%), mientras que se mantiene el de la biología (54,5%). 
 
4. Las distintas comunidades mantuvieron su integridad y no se mezclaron pese a 
los forzamientos físicos promovidos por el viento, lo que sugiere una respuesta directa 
del zooplancton mediado por su posición en la columna de agua. 
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5. Solo 5 variables son necesarias para explicar el 64% de la variabilidad total 
encontrada en la matriz de similitudes del mesozooplancton: la relación holoplancton 
/meroplancton (39,6%), la abundancia total (9.3%), la fase lunar (6.5%), el índice de 
afloramiento (6.2%) y la riqueza de especies (2.5%). 
 
6. La relación holoplancton/meroplancton se propone como un criterio común y 
objetivo para describir las comunidades de zooplancton, ya que permitiría comparar 
fácilmente los muestreos y facilita el trabajo de identificación, debido a la escasa carga 
taxonómica que conlleva separar estas dos fracciones del zooplancton. 
 
7. Se capturaron 630 paralarvas de cefalópodos en las 80 muestras recogidas en la 
Ría de Vigo entre julio y octubre de 2008. Las paralarvas de O. vulgaris fueron las más 
abundantes, representando el 64,4% del total (n=406), seguidas por los loligínidos 
22.7% (n=143), sepiólidos 12.3% (n=77) y 4 paralarvas de omastréfidos 
“rhynchoteuthion”. 
 
8. Más del 90% de la variabilidad encontrada en la abundancia media de O. 
vulgaris, loligínidos y sepiólidos se puede explicar usando combinaciones de, como 
mucho, dos variables procedentes de las matrices meteorológicas, hidrográficas y 
derivadas de la comunidad de mesozooplancton. 
 
9. Se observó que las paralarvas de cefalópodos encontradas en la ría de Vigo se 
distribuyen de manera distinta en las comunidades de zooplancton, dependiendo de sus 
estrategias vitales. Por una parte, se halla la estrategia costera, que es seguida por las 
paralarvas de Loliginidae y Sepiolidae, las cuales modifican su posición en la vertical 
para quedar retenidas en la zona costera. Esta retención está demostrada por la amplia 
variedad de tamaños encontrados en estas paralarvas. Por otra parte, se halla la 
estrategia oceánica propia únicamente de las larvas de O. vulgaris, las cuales 
permanecen en la costa menos de 10 días (cuando tienen tres ventosas) y que, 
posteriormente, se benefician de las corrientes para ser transportadas hacia el océano, 
residiendo en el ecosistema epipelágico. Este ciclo de vida explica la ausencia de 
paralarvas de pulpo de más de tres ventosas en la Ría de Vigo y en la plataforma 
continental de la Península Ibérica. La estrategia oceánica de los pulpos está 
corroborada por evidencias físicas, fisiológicas y anatómicas: la presencia de paralarvas 
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de pulpos en los filamentos de agua aflorada, así como en el océano adyacente (entre  
808 y 3105 m de profundidad y alejadas más de 200 km de costa), el incremento en el 
tamaño de los pulpos conforme se alejan de la costa, y la transparencia de las 
paralarvas, que es una adaptación a la vida en el océano, compartida con otras muchas 
especies de cefalópodos que habitan el medio epipelágico, así como plancton 
gelatinoso, quetognatos, crustáceos y peces, respectivamente.  
 
10. La diversidad de macrozooplancton y cefalópodos de la plataforma y el talud de 
las costas de la Península Ibérica (42ºN), es mucho menor que la de Marruecos (31ºN). 
 
11. La abundancia de macrozooplancton aumenta hacia el océano y es máxima en la 
zona de convergencia entre el frente del filamento y el océano adyacente. Asímismo, su 
composición cambia de larvas de especies neríticas a organismos mesopelágicos entre la 
plataforma y el talud. Los principales representantes del macrozooplancton que realiza 
migraciones verticales diarias (MVDs) fueron peces mesopelágicos, decápodos y 
eufausiáceos. 
 
12. La importancia de los MVDs es mucho mayor en las zonas afectadas por el 
filamento por la noche, ya que los organismos se concentran para beneficiarse del 
incremento de biomasa exportada desde la costa. Por el contrario, la influencia de los 
MVDs en el océano no es tanto cuantitativa (ya que hay aproximadamente la misma 
abundancia tanto de día como de noche), como cualitativa, ya que cambia la 
composición de los organismos. 
 
13. La migración de los MVDs hace que disminuya drásticamente la abundancia 
durante el día en todas las áreas muestreadas (zona afectada por el afloramiento, 
filamento y océano) principalmente en los estratos de superficie y 100 metros. Sin 
embargo, la muestra recogida a 500 m, apenas varió cuantitativamente pero sí 
cualitativamente. 
 
14. Se citan por vez primera en aguas marroquíes dos especies de misidáceos de 
profundidad: Gnathophausia zoea y Lophogaster spinosus. Además, es la primera vez 
que se cita el camarón limpiador bandeado Stenopus hispidus (zoea III) en el Atlántico. 
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15. Los principales depredadores de paralarvas de cefalópodos dentro del 
macrozooplancton mesopelágico son las gambas de las familias Oplophoridae y 
Penaeidae. A estos hay que añadir especies de peces pertenecientes a las familias 
Sternoptychidae (peces hacha), Ceratiidae, Evermanellidae y, ocasionalmente, 
Gonostomatoidae. 
 
16. Únicamente se encontraron paralarvas y juveniles de cefalópodos mesopelágicos 
en los muestreos realizados sobre el talud marroquí. La ausencia de estas paralarvas en 
los muestreos realizados sobre el talud de la península Ibérica, puede ser debida al 
potente frente termal situado al oeste del Cabo San Vicente (SO de la Península Ibérica) 
que supone la transición del Atlántico subtropical al templado.  
 
17. La identificación genética permitió aumentar el área de distribución de tres 
especies de sepiólidos: Sepiola ligulata ha sido citada por primera vez en el Atlántico 
(31ºN), mientras que S. tridens y S. atlantica aumentaron los límites meridionales de su 
distribución geográfica hasta 40º23’N y 31ºN, respectivamente. También permitió 
identificar los paralarvas más pequeñas jamás capturadas de Ancistroteuthis 
lichtensteinii. Además, permitió diferenciar las distintas paralarvas de la familia 
Loliginidae, revelando la importancia de Alloteuthis media (n=111), A. subulata (n=18) 
en los dos muestreos, mientras que solo 2 Loligo vulgaris se encontraron en la 
plataforma de la Península Ibérica. Las paralarvas de A. subulata son significativamente 
más grandes que las de A. media.  
 
18. Añadida a la imposibilidad de reconocer las “rhynchoteuthion” de los 
omastréfidos mediante caracteres morfológicos y anatómicos, está la imposibilidad de 
identificarlas genéticamente, ya que hay pocas secuencias en GenBank. Sin embargo, su 
análisis filogenético reveló que se recolectaron al menos tres especies de omastréfidos 
en ambas campañas: Illex coindetii, que presentó una homología del 100% con la base 
de datos, y otras dos más que carecen de secuencias génicas en GenBank y que según su 
distribución geográfica podrían ser Todarodes sagitattus y Todaropsis eblanae. 
 
19. Finalmente, señalar que la identificación molecular de paralarvas de cefalópodos 
es, hasta la fecha, la única manera de identificar correctamente larvas menores de 4 mm, 
debido a la ausencia de caracteres distintivos. Además, existe todavía un gran vacío en 
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la descripción de muchos estados larvarios de las familias Ommastrephidae, 
Loliginidae, Sepiolidae, Onychoteuthidae y Enoploteuthidae, entre otras. Los resultados 
obtenidos en esta tesis serán usados en un futuro para describir los estados larvarios de 
estas familias de cafalópodos. 
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1. Natural prey of Octopus vulgaris hatchlings were detected using molecular tools, 
in spite of the absence of prey remains in their digestive tracts. Overall, 20 prey were 
identified: 16 decapods (6 species of Brachyura, 3 Alpheidae, 2 Processidae, 2 
Anomura, one Thalassinidae, one Porcellanidae and one Crangonidae), a krill species 
and three fishes (2 Gobiidae and Carangidae). The trophic niche breadth of O. vulgaris 
paralarvae is low, which means that these paralarvae are specialist predators at least 
during the first weeks of their life cycle. This selectivity may be related with the 
predictable movements of decapod zoeae, compared with the unpredictable copepod 
movements. 
 
2. Three mesozooplankton communities, coastal, frontal (coast-ocean) and oceanic, 
were identified for the first time in the Ría de Vigo during the upwelling season (July to 
October). These communities changed from early summer to early autumn. A clear 
coastal-oceanic gradient was observed due to the oceanward decrease of abundance, 
richness and diversity, coupled with an increase in the holoplankton/meroplankton ratio. 
 
3. Distance-based linear models allowed to determine that the variability found in 
the mesozooplankton resemblance matrix was increasingly explained by the 
meteorology (39.1%, 4 variables), hydrography (46.6%, 10 variables) and community-
derived biotic variables (54,5%, 7 variables). Nonetheless, their explicative power 
change when are considered altogether (6, 16.1 and 54.4%, respectively). 
 
4. The communities kept their integrity in spite of the highly advective 
environment off the Ría de Vigo, presumably due to behavioural changes in the vertical 
position of the zooplankton. 
 
5. Up to 64% of the variability found in the mesozooplankton resemblance matrix 
is explained with only 5 variables: holoplankton/meroplankton ratio (39.6%), total 
abundance (9.3%), lunar phase (6.5%), upwelling index (6.2%) and richness (2.5%). 
 
6. The holoplankton/meroplankton ratio is proposed as a standard index to describe 
mesozooplankton communities. It would allow an easy comparison of zooplankton 
studies as well as save time, given that it does not depend on the taxonomic degree of 
expertise.  
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 7. Up to 630 cephalopod paralarvae were found in 80 samples collected in the Ría 
de Vigo between July and October 2008. Octopus vulgaris paralarvae were the most 
abundant (64.4%, n=406), followed by loliginids (22.7%, n=143), sepiolids (12.3%, 
n=77) and 4 ommastrephid “rhynchoteuthion” paralarvae.  
 
8. More than 90% of the variability found in the averaged abundance of O. 
vulgaris, loliginids and sepiolids can be explained with combinations of only two 
variables from meteorological, hydrographical and community-derived biotic variables. 
 
9. The cephalopod paralarvae found in the Ría de Vigo are differently distributed 
in the mesozooplankton communities according to their life strategies. The first one is 
the coastal strategy followed by the families Loliginidae and Sepiolidae, which avoid 
offshore transport being dispersed in the water column. This strategy is reinforced by 
the different sizes observed in both families. Conversely, the oceanic strategy is 
displayed by O. vulgaris paralarvae, only present in the Ría de Vigo as early hatchlings 
(less than 10 days and 3 suckers), given that are advected offshore by surface currents. 
This life cycle explains the absence of O. vulgaris paralarvae with more than three 
suckers in the Ría de Vigo and the continental shelf off NW Iberian Peninsula. Besides, 
physical, physiologic and anatomical evidences reinforce this strategy. Physical 
evidences are the presence of O. vulgaris in offshore upwelling filaments as well as in 
the open ocean (between 808 and 3105 m depth, more than 200 km form coast). The 
physiological evidence is the positive relationship between size and distance to coast. 
Finally, the anatomic evidence is their transparency, which is an adaptation for the 
oceanic realm shared with many other oceanic cephalopods, jellyfishes, chaetognaths, 
crustaceans and fishes. 
 
10. The macrozooplankton and cephalopod paralarvae found in the shelf and slope 
of the Iberian Peninsula (42ºN) is far less diverse than that off Morocco (31ºN). 
 
11. Macrozooplankton abundance increases towards the ocean, peaking in the front 
between the filament and oceanic waters. Besides, its composition shifts from neritic 
larvae to mesopelagic organisms between the shelf and the slope. The main 
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macrozooplankton groups that display diel vertical migrations (DVMs) were 
mesopelagic fishes, decapods and euphausiids. 
 
12. Diel vertical migrators are more abundant under the filament at night, where 
they benefit from the increased biomass exported by the filament. Conversely, the 
influence of DVMs in the open ocean is qualitative rather than quantitative. 
 
13. Daytime samplings showed a reduced abundance mainly at the surface and 100 
m depth in all the locations sampled (upwelling, filament and ocean), due to the absence 
of DVMs. Nonetheless, samples collected at 500 m showed the same abundance as 
nighttime samplings but different composition.  
 
14. The deep-water mysids Gnathophausia zoea and Lophogaster spinosus have 
been cited for the first time in Moroccan waters. Besides, it is also the first cite of the 
banded cleaner shrimp Stenopus hispidus (zoea III) in Atlantic waters.  
 
15. The main cephalopod paralarvae predators within the mesopelagic 
macrozooplankton are shimps of the families Oplophoridae and Penaeidae. Besides, 
there are different species of fishes that belong to the families Sternoptychidae, 
Ceratiidae, Evermanellidae and Gonostomatoidae. 
 
16. Mesopelagic cephalopod paralarvae were only collected in Moroccan waters. 
Their absence in the Iberian Peninsula may be related to a strong thermal front located 
west of Cape S. Vicente (SW Iberian Peninsula) that represents the transition from 
subtropical to temperate ecosystems. 
 
17. Genetic barcoding allowed increasing the distribution area of three sepiolid 
species: Sepiola ligulata has been cited for the first time in the Atlantic (31ºN); S. 
tridens and S. atlantica increased their meridional geographical range up to 40º23’N 
and 31ºN, respectively. It also allowed the identification of the smallest paralarvae of 
Ancistroteuthis lichtensteinii in Atlantic waters. Furthermore, all the confusing loliginid 
paralarvae were identified to species level revealing the importance of Alloteuthis media 
(n=111) and A. subulata (n=18) in both surveys, while Loligo vulgaris (n=2) was only 
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found off NW Iberian Peninsula. Significant differences were observed in the 
morphometric measures obtained from Alloteuthis.  
 
18. Ommastrephid rhynchoteuthion are virtually impossible to identify by eye due to 
the absence of accurate morphologic descriptions. Besides, the low coverage of genetic 
sequences in GenBank would hamper its identification. In spite of this, at least three 
different ommastrephis species were collected in both surveys: Illex coindetii (100% 
homology) and other two species that lack sequences in GenBank. According to its 
geographic distribution could be identified as Todarodes sagitattus and Todaropsis 
eblanae. 
 
19. Finally, it is worth to underline that barcoding is the only reliable tool to identify 
cephalopod paralarvae smaller than 4 mm, due to the absence of morphological 
characters. Apart from this, there is a lack of accurate paralarval descriptions within the 
families Ommastrephidae, Loliginidae, Sepiolidae, Onychoteuthidae and 
Enoploteuthidae, among others. The results presented in this thesis will be used to 
describe the early life stages of these cephalopod families. 
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